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ABSTRACT
The northernmost active Andean volcano, Cerro Bravo is a small, young, and 
very explosive stratovolcano. Cerro Bravo has produced voluminous tephra deposits, 
that are found > 30 km away, as well as, pumice flow deposits, block and ash flow 
deposits, and high-aspect lava flows, which are found proximally to the volcano.
There have been eight episodes of activity during the past 6250±l 10 years 
(Herd, 1982), with the most recent <200 years ago and the present being a period of 
quiescence with no visible activity or thermal manifestations. Stratigraphic relationships 
suggest the occurrence of an initial explosive phase and a concluding effusive phase of 
activity during individual episodes.
The products of volcanic activity at Cerro Bravo are a chemically and 
mineralogically monotonous suite of medium-K dacite and high-silica andesite (59.2- 
67.5% SiC>2) pumices and lavas. The dominant phenocrysts present are plagioclase and 
hornblende (oxyhornblende in lavas) with lesser quantities of orthopyroxene, 
titanomagnetite, and rare augite and biotite also present. Petrology and eruption 
dynamics suggest the existence of a frequently mixing, zoned magma chamber, with £4 
wt. % H2O and temperatures of 975-850°C, which is getting smaller with time. Future 
activity will likely be smaller volumetrically, but with greater frequency.
The potential hazards of Cerro Bravo are great. Air fall would likely be the 
source of the greatest mortality and damage due to the remote location of the volcano. 
Cerro Bravo has consistently deposited pumice on the city of Manizales, 20 km to the 
west, totaling in excess of 3 m of tephra. Due to the extended nature of activity at the 
volcano, the wide airfall distribution, and the massive potential modification of the 
hydrologic system, renewed activity at Cerro Bravo would result in a major long-term 
impact on the region.
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CHAPTER 1.
GEOLOGY AND PHYSICAL VOLCANOLOGY OF CERRO BRAVO
INTRODUCTION
Previous work on the volcanology and petrology of the Central Cordillera of 
Colombia centered on Nevado del Ruiz (Jaramillo, 1980; Murcia and Mann, 1981; 
Murcia, 1982; James, 1982, 1983). While conducting investigations at Ruiz, Herd 
(1982) realized that a large portion of the tephra deposits did not originate from Ruiz but 
instead from a previously unrecognized volcano, Cerro Bravo. Cerro Bravo was visited 
and reconnaissance work carried out during studies on regional volcanism (Herd, 1982; 
CHEC, 1983; Thouret et al., 1985a, 1985b; Thouret, 1988). Attention was drawn to 
the relatively unknown Cerro Bravo after the catastrophic November 1985 eruption of 
Nevado del Ruiz. Investigation showed that Cerro Bravo was characterized by a much 
different style of activity than Ruiz that included pyroclastic flows and dome formation 
as well as voluminous plinian eruptions (Calvache et al., 1987).
The goals of this study were to document the geology of Cerro Bravo and 
describe and quantify its volcanic activity. This was accomplished by concentrating on 
the pyroclastic deposits, the eruption dynamics of the plinian events and their temporal 
relationships. Field work and geologic mapping were conducted over a three month 
period during 1988. Detailed studies and sampling were made of the tephra deposits 
including stratigraphy, thicknesses, and maximum clast size distributions. Other facets 
of the project include a study of the petrology and geochemistry of the deposits and an 
assessment of the potential hazards posed by the volcano. These will be discussed in 




Cerro Bravo is a small stratovolcano located just east of the crest of the Central 
Cordillera in the northern Andes of Colombia. It is situated roughly 140 km due west of 
BogotA and 20 km due east of Manizales, the largest nearby population center, on the 
border of the departments (states) of Caldas and Tolima (see Fig. 1). Located 20 km 
north of Nevado del Ruiz volcano, it is the northern-most active volcano in South 
America.
The high cordillera around Cerro Bravo is characterized by high vertical relief, 
deeply-dissected ridges, and cold wet weather. The few inhabitants grow potatoes or 
raise dairy cows and live in small single family units. Along the main highway between 
the Cauca and Magdalena river valleys, which serves as the only access for this region, 
are a number of small towns which serve as ports for the farms that can only be reached 
by horseback or foot. The town of Letras (or La Esperanza on many maps) is 
strategically located on the saddle of the cordillera and now serves as a storage site for 
coffee as well as port to the many farms located on the broad flat crest of the cordillera.
To the south, Nevado del Ruiz, the highest point in the cordillera, reaches an 
elevation of 5400 m and is glaciated from 4700 m up. Below this level, the average 
temperature rises and the rainfall increases. From 4200 m down to 3800 m the mean 
temperature is 3-6°C and there are 1000 mm of annual rainfall, from 3800 m to 2600 m 
the mean temperature is 6-14°C and the annual rainfall is 1000 to 1250 mm (P£rez, 
1983). The clear morning sky is quickly obscured by low lying clouds that rise from 
the valleys to the east and usually limit visibility to under one kilometer. The clouds are 
accompanied frequently by light rain and less frequently by torrential downpours. 
During the "dry" months of July and August when field work was conducted, it rained 




Cerro Bravo and Ruiz - Tolima Complex
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Figure 1. Map showing the location of Cerro
Bravo volcano, Colombia
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Field work on Cerro Bravo is difficult due to its steep slopes and vertical relief 
(Fig. 2). Cerro Bravo is roughly elliptical in shape, with its summit at 4000 m and base 
around 2800 m, and although the volcanic structure covers an area of only 35 km2 (see 
Fig. 3), its preserved tephra covers greater than 1250 km2 (see Fig. 1). The volcano 
has a volume of 11.5 km3 and is centered in a 3 km diameter caldera defined by and 
named after the Quebrada Seca (Thouret, 1988). The volcano is composed of high- 
aspect lava flows and domes and covered by pyroclastic flow deposits and tephra. 
Numerous faults intersect the domes and lava flows, likely precipitating the partial 
collapses of the volcano that are responsible for the present mosaic of fragmentary 
domes. The southern-most feature is a crater that has been partially filled by a dome and 
subsequently bisected by an E-W fault. North of this is a small collapse depression with 
two small ponds along the scarp and the most recent dome complex toward the center. 
The northern side of the volcano is dominated by a U-shaped crater that is bounded by 
N-S faults and was the site of repeated collapse. The most recent dome complex has a 
few shallow craters, but no covering of tephra. There are no active or paleo-geothermal 
manifestations and there are no signs of present volcanic activity.
GEOLOGICAL SETTING
The Central Cordillera has been deforming and uplifting since the beginning of 
the Andean Orogeny in the Late Cretaceous (Irving, 1975). It is composed primarily of 
metasediments and igneous intrusions which form a belt oriented north-south from 9° N 
latitude to the near Ecuadorian border where it joins with the Western Cordillera. The 
Paleozoic Cajamarca Group metamorphic rocks that comprise the bulk of the cordillera 
(Nelson, 1957) crop out just east of Cerro Bravo as low-grade graphitic phyllites. 
Intruded through these metamorphic rocks are a number of batholiths and stocks that 
range from Jurassic to early Tertiary in age (Irving, 1975). The intrusion found just
5
Figure 2. View of Cerro Bravo volcano from the south.
Figure 3. Contour map of Cerro Bravo, with place names. (Tick = 1 km).
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north and south of Cerro Bravo is a quartz diorite stock known as the Manizales stock, 
believed to be late Cretaceous in age (Barrero et al., 1969).
Overlying the metamorphic and intrusive rocks are deposits of Late Tertiary to 
Recent volcanic rocks which locally form the crest of the cordillera. Volcanic activity in 
the Central Cordillera is known to have existed as far back as the Miocene, during which 
time the volcaniclastic sediments in the Honda Group were deposited in the Magdalena 
River valley (Butler, 1942; Van Houten and Travis, 1968). Early activity consisted of 
voluminous, low-aspect lava flows of two-pyroxene andesite and dacite from a series of 
vents which coalesced to form a high plateau. Activity eventually became concentrated 
at a few centers and resulted in the formation of the large Nevado del Ruiz - Tolima 
volcanic massif (Herd, 1982; Thouret et al., 1985b; IGAC, 1987; see Fig. 1).
Numerous deposits of volcaniclastic origin are related to this early activity. The 
Manizales Formation (8-4 m.y.) and the Casabianca Formation (4-1.2 m.y.) are located 
at the base of the Tertiary volcanics on the western and eastern flanks of the cordillera 
respectively (Borrero and Naranjo, 1990). Down in the Magdalena River valley is the 
Mesa Formation (Pliocene to Early Pleistocene), also of volcaniclastic origin (Butler, 
1942).
OLD CERRO BRAVO
It is unclear when volcanism first began at the site of modern Cerro Bravo. The 
oldest evidence of activity are the Late Pleistocene lavas (K-Ar age of 5O±5O Ka; J.-C. 
Thouret, personal communication) related to the Quebrada Seca caldera. The caldera is 
approximately 3 km in diameter and is best seen just east and west of El Doce, south of 
Cerro Bravo where it is expressed by the arcuate drainage systems of the Quebrada Seca 
and the Canada del Doce and the associated low ridge (Figs. 3 and 4). The lava flows 
that form the low ridge can be seen at the eastern end of the caldera scarp where they are
8
Figure 4. Airphoto of Cerro Bravo volcano. Visible features include: the Quebrada Seca 
Caldera, the southern cone, the most recent dome complex, and the northern collapse 
chute. The photo is approximately 5 km across.
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exposed and dissected by the Quebrada Aguacatal and in the E-W fault cut that 
terminates the ridge. The lavas are high-silica andesites and differ mineralogically from 
the modem Cerro Bravo products (this will be discussed at length in Chapter 2). 
Samples of these lavas contain abundant phenocrysts of augite and microlites of 
plagioclase with less-common highly-resorbed and altered plagioclase phenocrysts and 
oxyhornblende phenocrysts totally replaced by fine opaques. Also present are 
titanomagnetite and rare orthopyroxene.
Samples of a lava flow collected from near Puerto Brasil are very similar 
mineralogically and petrographically to samples of the pre-caldera lavas collected to the 
south, suggesting that the pre-caldera edifice extended that far north. This flow appears 
to have flowed toward the east from what is now the northern end of Cerro Bravo. It 
probably overlies lava flows associated with Alto La Mula to the north or the 
metamorphic rocks that out crop to the east. It is unknown whether the lavas of Alto La 
Mula are related to this period of volcanism, they were not visited by the authors and no 
samples were collected. The severe dissection of the structure suggests that it is older.
The absence of pre-caldera lava flows on the east and west of Cerro Bravo 
suggests that the entire pre-caldera complex was not much larger than the modem post­
caldera complex. To the west, the steeply-sloping Tertiary volcanics would have 
curtailed growth and there are no visible remnants of any flows that had lapped along the 
base of the older volcanics. The caldera scarp along the eastern side of Cerro Bravo 
either did not survive the caldera formation or was subsequently removed.
MODERN CERRO BRAVO
The exact temporal relationships between the various lava flows, domes, and 
structures, and the different episodes of pyroclastic activity is unclear, due to the 
fragmentary nature of the flows and domes and the mantle of young pyroclastics that 
1 0
hides older deposits. Because of this, the effusive products and the structural form of 
the volcano will be treated separately from the pyroclastic activity of the volcano. 
Although the volcano has produced large volumes of pyroclastic material, Cerro Bravo 
itself is primarily composed of effusive products. The modem volcanic complex is 
situated within the Quebrada Seca caldera and can be divided into four structural 
divisions: the eastern lava flows, the southern cone, the recent dome complex, and the 
northern, U-shaped, collapse chute (see Fig. 5).
The Eastern Lava Flows
The base of modem Cerro Bravo is made up of lava flows that fill most of the 
Quebrada Seca Caldera. The most visible of these are three lava flows on the eastern 
side of the volcano (see Fig. 5). The three flows are bounded on the north by a ridge of 
older volcanic rocks near Alto La Mula and metamorphic rocks of the Cajamarca Group, 
and on the south by older volcanic rocks of the Ruiz-Tolima massif. These contacts are 
now marked by Quebrada La Arenosa and Quebrada Aguacatal, respectively. Other 
streams, Quebrada El Jordan to the north and Quebrada Los Micos to the south, separate 
the individual flows with steep narrow gorges. The morphologies of the three lava 
flows are very similar: all have well preserved upper rubble-zones, well-defined toes, 
and show little erosional dissection. They average 150 m in thickness, reach 3 km from 
the center of the volcano, and have slopes of 15°. A fourth lava flow extends an 
additional 1 km to the east from below the southern-most member of the group (see Fig. 
5).
Near the volcano, the other lava flows are covered by steep talus slopes and 
short lava flows. Downhill from these, there is a break in slope and a thin mantle of 
pumice flow and block and ash flow deposits on the lava flows. The pyroclastic flow




deposits increase in thickness beyond the end of the lava flows to cover the surface of 
the Plan de Arriba (see Fig. 6).
The Southern Cone
The southern cone is composed of lava flows and a rim of agglutinated spatter.
An E-W fault, parallel to and just north of the fault that terminates the Quebrada Seca 
Caldera scarp, has cut through the cone and its lava flows on the eastern side, exposing 
a cross section of the cone (see Figs. 4 and 5). The lava flows exposed by these faults 
extend eastward beyond the caldera and overly the southern-most member of the eastern 
lava flows described above. South of this area, inside the caldera, the lava flows are 
buried by a sequence of pumice flow and tephra deposits. Toward the west, the 
mantling and filling of valleys by pyroclastic deposits is less complete, revealing low 
ridges that turn northwest following the drainage. Stream cuts at the base of the cone 
expose lava flows underlying a thin mantle of pyroclastics that make up these ridges and 
control drainage. Northwest of the southern cone, the lava flows and talus lack the 
mantle of pyroclastics, probably due to the steep terrain.
The crater in the southern cone has been partially filled by pumice flow deposits 
and in the western portion, a highly fragmented dome. The fragmented dome is higher 
than the surrounding crater rim and causes an offset in the shape of the crater. Vertical 
jointing is exposed by the E-W fault scarp that penetrates the eastern side of the cone on 
the eastern side of this dome. On the northeast side of the cone, is a second fragment of 
dome with a thick high-aspect lava flow extending from it to the northeast. This thick 
lava flow is faulted on its northern side exposing flow-induced joint surfaces with strike 
of 305° and dip of 60° and appears to have originated in the direction of the southern 
cone. The two fragments of dome are interpreted to have formed a single dome complex 
that has been bisected by the fault when seen in E-W profile (see Fig. 7).
1 3
Figure 6. View of Cerro Bravo volcano from the east.
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Figure 7. View of domes in southern cone of Cerro Bravo with the most-recent dome
complex in the background.
Figure 8. View of fault related collapse chute in most-recent dome complex at Cerro Bravo.
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The north and northwest sides of the southern cone is covered by a lag breccia 
and pumice rampart. Partially buried by these deposits is a lava flow extending to the 
northwest from the cone that is similar in elevation to the fragmentary dome complex, 
suggesting that it is contemporaneous. An arcuate fault scarp extends from a WNW- 
ESE fault, southeast along this lava flow, east through the lag rampart, and intersects 
the fault scarp in the northeast lava flow. The presence of the lag rampart along the 
extension of the lava flow fault scarp indicates that this fault predates the lag rampart. 
The arcuate scarp through the rampart has a minimum of 10 m of downward 
displacement on the northern side.
The Recent Dome Complex
Located within the down-dropped area to the north of the southern crater, the 
recent dome complex is a group of at least five coalesced domes (see Fig. 4). There are 
a number of intersecting craters with rims of vertically-jointed spines at the center of the 
complex. The dome complex and the small ponds at the base are covered by talus, small 
lithics, and rare breadcrust bombs. Deposits of tephra are found in streamcuts at the 
base of the dome but are found nowhere on the top of the dome complex. The absence 
of juvenile material on the domes or evidence of geothermal activity suggests that the 
craters were formed by primarily phreatic activity and postdate all major plinian events.
Both the east and west sides of the recent dome complex have been intersected 
by WNW-ESE faults. The westernmost dome has been breached through to the crater 
by a fault that terminates the arcuate fault scarp (see Figs. 4, 5, and 8). This fault has 
formed a linear chute that extends most of the way to La Plata and is now littered with 
pieces of the western dome. On the eastern side of the dome complex, there is a small 
lava flow that is partially cut to the south by a small fault scarp. The short lava flow is 
1 6
continuous from the base of the dome complex to the break in the slope formed by a 
thick stack of lava flows that extend north of the volcano.
The Northern Collapse Chute
The northern side of Cerro Bravo is dominated by a large U-shaped structure 
formed by the partial collapse of the volcano (see Figs. 5 and 9). This structure is 
bounded on the east by a thick stack of lava flows that are cut by a linear N-S fault scarp 
and on the west by two separate lobes of lava flows. The lower-most flow in the 
eastern stack extends roughly 2.5 km north from the recent dome complex. Overlying 
this lava flow is a flow that extends 1.5 km north, roughly matching the length of the 
forested lava flow ridge that makes up the outer western boundary of the U-shaped 
structure. The eastern edge of the forested ridge appears much steeper suggesting the 
presence of a N-S fault scarp.
The uppermost member of the eastern boundary stack of lava flows extends 
about 0.75 km north from the dome complex and ends forming a shoulder on the N-S 
trending ridge. A ridge along the crest of this flow has a slope at the angle of repose 
indicating the presence of pyroclastics, most likely pumice flow deposits. The inner 
western boundary of the U-shaped structure is formed by a thick stack of lava flows 
bounded on the east by a vertical fault scarp The scarp and the stack of lava flows 
extend also roughly 0.75 km from the recent domes and appear analogous and 
contemporaneous to the flow that forms the shoulder on the east.
The northern base of Cerro Bravo is dominated by pumice flow deposits and 
block and ash flow deposits that fan out from the mouth of the U-shaped chute of the 
collapse structure. The oldest of these deposits are block and ash flow deposits from 
CB5 activity and are located in and to the west of the chute and probably predate the 
western boundary of the chute. Above these deposits are block and ash flow deposits
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Figure 9. View of large collapse chute on the northern side of Cerro Bravo.
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from CB4 and CB3 which appear to have had their distribution controlled by the 
western boundary structures and the large dislocated block or lava flow toe that partially 
blocks the chute. This feature causes an offset in the drainage system and the upper two 
block and ash flow deposits fan westward around it at the exit of the chute. There are a 
number of other small lumps on the northern slope of Cerro Bravo with steep scarps on 
the sides, that are either dislocated blocks or the toes of lava flows.
Pyroclastic flow deposits fill the Perrillo river valley north and northeast of the 
volcano, but only a few isolated pumice flow deposits are found to the northwest and 
west. Much of this area was not visited by the authors, but it appears on topographic 
maps and air photos to be too steep for the deposition of pumice flow deposits. If it is 
similar to the other sides of the volcano, it is likely made up of lava flows with talus and 
avalanche deposits, including material from the chute on the west side of the recent 
dome complex. Just south of La Plata, the Quebrada La Plata flows through a straight 
gorge that is interpreted to be a NW-SE fault cut which exposes lava flows and 
indurated block and ash flow deposits .
PYROCLASTIC DEPOSITS
The first description of the Cerro Bravo pyroclastic deposits was by Herd 
(1982). He recognized that many of the widespread tephra deposits found on the Ruiz- 
Tolima complex (see Fig. 10) did not originate there and could be traced back to Cerro 
Bravo. He also noted the presence of pyroclastic flow deposits originating from the 
volcano. In his description of the tephra deposits, Herd (1982) identified seventeen 
units belonging to Cerro Bravo, which he designated CB17 through CB1, oldest to 
youngest.
In his classic study of the stratigraphy of Oshima volcano, Nakamura (1964) 
noted that there were repeated patterns or cycles in the deposits. Soil layers are overlain
1 9
Figure 10. Cerro Bravo and Nevado del Ruiz tephra deposits on the flank of 
Nevado del Ruiz.
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by tephra layers, which are overlain by lava flows, which are overlain by ash layers, 
which are overlain by soil layers. The absence of soil within this set combined with 
historical records suggests that all of this material is erupted over a short period of time 
(around 10 years), followed by a repose period and soil development at the end. 
Nakamura used the term stratigraphic unit to indicate one cycle of this pattern such that a 
stratigraphic unit represents the deposits from the top of one soil layer to the top of the 
next. The individual tephra layers within a stratigraphic unit he labeled fall units.
This same scheme can be used for Cerro Bravo deposits, but it requires a 
modification of Herd's (1982) original designations which include both stratigraphic 
units and fall units. By combining Herd's CB16 to CB9 (which are not separated by 
soil layers) as CB9 and Herd's CB8 to CB7 as CB7 we obtained designations for nine 
stratigraphic units: CB17, CB9, and CB7 to CB1 (see Fig. 11). Each contains a 
number of fall units and is separated from the next by a soil layer. Proximal deposits 
from pumice flows, surges, and block and ash flows can also be included within these 
stratigraphic units. However, incomplete exposures of the stratigraphy often prevents 
the correlation of these deposits with respect to the fall units.
The mineralogy and appearance of the pyroclastic products are very consistent 
with time so petrology also does not provide a conclusive means of distinguishing 
stratigraphic units. In general, the pumice can be characterized as a white vesiculated 
dacite porphyry (see Fig. 12); the exceptions will be discussed later. Plagioclase and 
hornblende in a 6:4 ratio are the dominant mineral phases in the pumice, with lesser 
amounts of orthopyroxene, titanomagnetite, augite, and biotite also present. Crystal 
content and vesiculation vary but usually result in clast densities of « 1000 kg/m3. 
Petrology and whole rock chemistry will be discussed in greater detail in Chapter 2.
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Cerro Bravo Tephra Stratigraphy
Herd, 1982 This study
not to scale
Figure 11. Stratigraphic nomenclature for Cerro Bravo tephra deposits
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Figure 12. "Typical" Cerro Bravo pumice.
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Indurated Block and Ash Flow Deposits
Among the oldest pyroclastic deposits attributed to Cerro Bravo, are a number of 
indurated block and ash flow deposits. These out crop in at least three locations; in two 
places along the Rio Aguacatal to the east of Cerro Bravo and at La Plata to the 
northwest of Cerro Bravo. Due to the limited nature of the exposures, the block and ash 
flow deposits cannot be correlated to any particular eruptive episode, and although very 
similar in appearance and habit, cannot positively be correlated with one another. The 
deep erosion of the deposits prior to deposition of CB5 deposits indicate a lengthy, but 
indeterminable hiatus. However, it can be shown that the block and ash flows are 
related to the modem phase of activity (ie. postdate the Quebrada Seca Caldera) by 
comparison of mineralogy.
At the end of the Plan de Arriba below its junction with the Quebrada Jordan, the 
Rio Aguacatal has cut a deep, narrow ravine through a thick sequence of pyroclastic 
flow deposits. The oldest deposits visible are a set of at least two and probably three 
depositional units of indurated block and ash flows (see Fig. 13). The two visible units 
are each about 20 m thick, with poorly to non-indurated tops and bases, and indurated 
bodies with crude columnar jointing. Each is composed of dark grey, crystal-rich clasts 
ranging from 1 m in diameter to < 1 cm, loose crystals of plagioclase, hornblende, 
biotite, and pyroxene, and rare small grey pumice (distinguishable in thin section), all 
arranged sub-parallel in a light grey ash matrix.
Similar deposits are also found to the southeast of Cerro Bravo along the 
headwaters of the Aguacatal (J.-C. Thouret, pers. comm.) and are interpreted to be more 
proximal expressions of the same deposits. The single indurated block and ash flow 
deposit exposed near La Plata appears lithologically to be very similar to those in the Rio 
Aguacatal. Although somewhat thicker, =30 m, and slightly less indurated, the poor
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Figure 13. View of indurated block and ash flow deposits along the Rio Aguacatal.
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columnar jointing, the color, and mineralogy of the deposits are nearly identical (see 
Fig. 14). The similarity in these units suggests that they correspond to a single episode 
or eruptive event.
CB17
CB17 deposits were found by the authors at only two exposures (S-4 and S-24), 
neither of which revealed a complete section. These deposits consist of a number of 
highly altered layers of yellow tephra and ash covered by a black peaty soil. The intense 
alteration of glass to clay makes it difficult to determine clast sizes and sorting in the 
deposits. Herd (1982) describes a complete section of CB17 from an out crop situated 
in a stream cut near Letras (our site 4). This section has 180 cm of tephra with 20 cm of 
overlying soil and an underlying layer of peat formed on glacial till. The tephra includes 
seven layers of lapilli-sized pumice with intervening layers of ash (see Fig. 15). 
Mineralogy of the deposits is similar to that of younger Cerro Bravo pyroclastics. 
Plagioclase and hornblende are the dominant phenocryst, with smaller amounts of 
orthopyroxene and titanomagnetite also present. There may also be traces of augite and 
biotite.
CB9
The CB9 deposits are exposed at out crops just west of Cerro Bravo and to the 
south on the Ruiz-Tolima massif greater than 30 km away. All of the deposits are tephra 
deposits composed of a thick sequence of off-white to yellow pumice layers, with a total 
thickness of up to 167 cm at 11 km from the volcano near the axis of dispersal (site 8). 
The CB9 deposits are thickest to the south, with axes of dispersal ranging from 212° to 
229° (see Fig. 16).
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Figure 15. Stratigraphy of CB17 tephra deposits.
Figure 16. Isopach map of CB9 tephra deposits.
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At distal sites there are six or seven distinguishable layers of coarse tephra, with 
the uppermost being highly altered and difficult to locate (see Fig. 10). The sequence of 
layers at proximal deposits is much more complex with more than twenty-five layers and 
a total thickness of 457 cm at 5 km from the volcano (site 4). These layers are varied in 
characteristics, some are thick layers of large pumice, others are thin alternating layers of 
pumice and coarse ash (see Fig. 17). Some of the ash layers have minor aeolian bed 
forms and others are tan-brown suggesting subaerial weathering. By following the 
layers back towards the volcano it was possible to group the proximal layers that merge 
to form the distal layers (see Fig. 17).
The distal layers have certain identifying characteristics and have been designated 
CB9/6-CB9/1. CB9/6 is the lowest, it rests on a layer of soil overlying R9 or lava and 
is more fine grained than the other CB9 layers. CB9/5 is above CB9/6, is coarse 
grained and shows no gradation between itself and the overlying ash layer. Layers 
CB9/4 and CB9/3 both grade normally upwards to ash with a relatively thin ash layer 
between the two. CB9/2 is separated from CB9/3 by a thick layer of ash, it is coarse 
grained and somewhat thinner than the very similar CB9/1. The uppermost distinct 
layer, CB9/1, is usually located within the soil, just above the base, and on Ruiz it 
frequently contains pieces of carbonized wood.
CB7
The CB7 tephra deposits are composed of a sequence of off-white to yellow 
pumice layers with intervening layers of ash (see Figs. 18 and 19). These deposits were 
distributed along an axis of dispersal ranging from 228° to 247° and range in thickness 
from 280 cm at 5 km from the volcano (site 4) to 100 cm at 14 km from the volcano (site 
10) (see Fig. 20). The lowest layer (CB7/6) is thick, coarse grained, and 
distinguishable at greater than 28 km from the volcano. Close to the volcano (our site 4)
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Stratigraphy of CB9
Figure 17. Stratigraphy of CB9 tephra deposits
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Figure 18. View of CB7 to CB1 tephra deposits, located ~ 4 km from Cerro Bravo.
Numerous layers of tephra are visible, separated by soil layers.
Stratigraphy of CB7 to CB1
Figure 19. Stratigraphy of CB7 to CB1 tephra deposits.
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Figure 20. Isopach map of CB7 tephra deposits.
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many of the larger pumice clasts are rose-pink inside indicating heat and, perhaps, gas­
phase mineralization. Above this layer is a thick sequence of alternating thin layers of 
pumice and ash, usually showing normal vertical grading between. This sequence 
appears as a layer of coarse ash at distal deposits and is designated CB7/5.
CB7/4 and CB7/3 are both thick and normally grade upward to fine ash. They 
appear as one layer at distal deposits, especially to the west of the volcano. These two 
layers and those above are often highly altered to clay and or occur within the covering 
soil, making it difficult to distinguish layers. This is especially true to the south where it 
is even difficult to make the separation between CB7 and CB6. At proximal deposits, at 
least two, and maybe more, thin pumice layers can be distinguished above CB7/3 
amongst the layers of coarse ash.
CB6
The CB6 tephra deposits are composed of two thick layers of coarse off-white to 
yellow pumice designated as CB6/2 and CB6/1. These layers are only found to the west 
of Cerro Bravo, with the maximum isopachs centered 5 km from the summit of the 
volcano and the axis of dispersal ranging from 266° to 269°. Thicknesses of 80 cm are 
found 25 km away from the volcano in Manizales (site 90) and reach 146 cm at 7 km 
from the volcano (site 77) (see Fig. 21a). Isopleth maps, however, do center on the 
summit (see Fig. 21b). The pumice in the CB6 deposits has a lower density than the 
other units (< 1000kg/m3, it floats) and has a noticeably lower crystal content,« 25 % 
compared with an average of = 28 % in other Cerro Bravo deposits.
The two thick layers are approximately equal in size each ranging in thickness 
from 60 cm (site 79) to 40 cm in Manizales (site 90) (see Fig. 19). At distal deposits the 
break between the two layers is poorly defined and appears as a layer of soil and 
pumice, but closer to the volcano a third, thin layer of pumice can be distinguished.
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Figure 21. Isopach (a) and lithic isopleth (b) maps of CB6 tephra deposits.
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This thin pumice layer is separated from the two thicker layers by coarse ash. South 
from Cerro Bravo, CB6 is very thin, 15 cm at 17 km (site 19) and eventually appears as 
one layer. It quickly becomes impossible to distinguish CB6 because the overlying soil 
extends through it and becomes continuous down to the soil above CB7.
CB5
The CB5 tephra deposits consist of two thick pumice layers separated by a fine 
layer of ash and overlain by a thick layer of altered ash (see Fig. 19). These deposits 
have a wide distribution, with a total thickness of 20 cm at 16 km from the volcano to 
the south (site 16) and ~ 80 cm at 16 km from the volcano to the west (site 86), and axes 
of dispersal range from 249° to 263°. Proximal deposits have thicknesses greater than 
137 cm (site 76) (see Fig. 22). The two thick pumice layers (designated CB5/4 and 
CB5/3) are situated at the base of the stratigraphic unit and merge to form one layer at 
some distal sites. The ash above these layers has been altered to clay and contains many 
loose crystals, small lithic clasts, and ghost pumices. Although the pumice in this zone 
appears to be stratified it is only possible to identify one layer of pumice, CB5/2, by the 
lesser degree of preferential alteration. A fourth layer (CB5/1) is found at proximal sites 
within the base of the thick distinctive black layer of soil or immediately below it. This 
layer is occasionally distinguishable at distal sites as a thin layer of pumice within the 
soil.
A number of pyroclastic flow deposits are attributed to the CB5 stratigraphic 
unit, but due to the absence of interfingering amongst the tephra and pyroclastic flow 
deposits it is impossible to establish the exact stratigraphic relationship between the two 
types of deposits (see Fig. 23). The pyroclastic flow deposits are found only near the 
base of the volcano and extending > 6 km down the Perrillo river valley and > 11 km 
down the Aguacatal river valley. The base of the flow deposit sequence is a thick (« 20
3 7
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Figure 23. Stratigraphy of Cerro Bravo tephra 
and pyroclastic flow deposits.
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Figure 24. View of CBS block and ash flow deposit along the Quebrada Jordan.
Figure 25. View of CBS pumice flow deposits at the base of Cerro Bravo (Site 3).
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m at site 55) block and ash flow deposit that forms the bulk of the Plan de Arriba to the 
east of the volcano (see Fig. 24). The block and ash flow is grey with localized faint 
pink tinting, it is extremely poorly sorted and composed primarily of monolithologic 
fragments of dome rock. There are common fragments of carbonized wood and 
rounded pumice clasts. The flow-deposits have numerous lenses of coarser material 
and, likewise, the pumice is found preferentially within these lenses. The lowest block 
and ash flow deposit exposed on the northern side of volcano is found at two sites (= 
20 m thick at site 31 and ~ 30 m thick at site 32) and has been correlated to the eastern 
deposits on the basis of the similarity of the appearance and abundance of pumice in the 
deposits,as well as the similarity in the degree of erosion.
The block and ash flow deposits found on the Plan de Arriba grade upwards into 
a massive poorly-sorted pumice flow deposit with lenses of fines-depleted pumice and 
occasional layers of large dense pumice clasts up to 1 m in diameter. There are a 
number of continuous bands of salmon pink coloration in the pumice flow deposits that 
cross compositional variations and an uppermost thick black soil cap. Above the 
uppermost pink band is an erosional contact and another, thinner pumice flow unit. The 
total thickness of the pumice flow deposits is ~ 15 m at site 12,9 km from the volcano.
To the south of Cerro Bravo (our site 3), the pumice flows appear very similar to 
those on Plan de Arriba, except that there are at least four distinct flow units (see Fig. 
25). The two lower units are both massive (> 2 m and ~ 6 m thick respectively) with 
lenses of coarse pumice and are separated by a thin eroded black soil. The coloration of 
the upper of these two units grades upwards from grey to salmon-pink. Above the 
salmon-pink color band are two units that are considerably thinner (both = 1 cm thick) 
and are composed primarily of lensing layers of pumice. These units are capped by the 
thick black soil that is characteristic of CB5. The uppermost of these two pumice flow 
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units is also found just outside of the Quebrada Seca Caldera, at site 71 where it is 12 
cm thick and contains abundant carbonized wood fragments.
CB4
The CB4 and CB3 tephra deposits are the two most easily identified in the field 
due to their bright white unaltered pumice (see Fig. 10). CB4 deposits consist of four 
layers of fine pumice which merge with distance from the volcano (see Fig. 19). The 
axes of dispersal range from 251° to 267° and the deposits range in thickness from 89 
cm at 4 km from the volcano (site 75) to 50 cm at 9 km from the volcano (site 79) (see 
Fig. 26). The lower two layers (CB4/4 and CB4/3) are separated by a thin layer of finer 
pumice which is often difficult to distinguish. A thin layer of ash overlies these two 
units. The CB4/2 layer is underlain locally (our site 71) by a pyroclastic flow deposit 
that is rich in oxidized lithic clasts. The uppermost layer (CB4/1) is similar to the other 
three but is occasionally lost in the thin overlying soil.
At the southern foot of Cerro Bravo (our site 1) the CB4 tephra deposits are 
absent, but there is a sequence of CB4 pumice flow deposits (see Fig. 23). We were 
not able to find the transition between the tephra deposits and the pumice flow deposits. 
Similar to the CB5 deposits, it was not possible to determine the exact stratigraphic 
relationship between the flow deposits and the tephra deposits. The lowermost flow 
unit is poorly sorted and contains primarily large white pumice clasts and abundant 
fragments of carbonized wood. This is separated from the overlying flow unit by a thin 
layer that is colored brown and appears to be related to the emplacement of hot material 
above it. The second flow unit has a coarse pumice-rich base and an poorly-sorted 
overlying layer of pumice, oxidized lithic clasts, and ash. A number of fine ash layers 
overlie this unit. The third flow unit is similar to the second, but the pumice-rich base is 
localized and sometimes has an overlying layer that contains large lithic and pumice
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clasts. A thin brown layer of soil with root casts covers this sequence of pumice flow 
units. The total sequence is 60 cm thick at site 1.
To the north of the volcano, the lowermost pumice flow deposit is exposed 
where it is interfingered with block and ash flow deposits (see Fig. 27). At site 31 the 
pumice flow deposit is =50 cm thick and contains abundant carbonized wood fragments. 
It is overlain by an erosional unconformity and another thin flow deposit. Above the 
pumice flow deposits is a thick block and ash flow deposit with no intervening soil or 
zone of weathering.
At the base of the block and ash flow deposit is a = 1 m fmes-depleted layer of 
highly abraded monolithologic lava clasts. The massive bulk of the flow deposit has a 
matrix of fine lava fragments, ash, and a small amount of pumice. The pumice is 
unusual in appearance; it is dark-grey, with patches which are lighter grey and highly 
vesiculated, and contains small crystals, including plagioclase, hornblende. The lava 
clasts are monolithologic and very poorly sorted. Many of the boulders have joints and 
fractures indicative of in-situ cooling.
The CB4 block and ash flow deposit extends down the Perrillo river valley at 
least > 7 km from the volcano. It extends further than the overlying CB3 pumice flow 
deposits, covering a large portion of the surface of the valley with a distinctive 
hummocky topography (see Fig. 28). Where the Rio Perrillo cuts through it, the block 
and ash flow deposit has a total thickness of = 30 m, but it is possible that this includes 
some of the underlying CB5 block and ash flow deposit.
CB3
The tephra deposits from CB3 are very distinctive in the field, consisting of one 
thick layer of white pumice (designated as layer CB3/2) and an overlying sequence of 
ash layers (see Fig. 18). These deposits have a very wide distribution, having total
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Figure 27. View of sequence of block and ash flow and pumice flow deposits to the north
of Cerro Bravo (Site 31).
Figure 28. View of the characteristic surface texture of block and ash flow deposits.
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thicknesses of 19 cm at 16 km to the south of the volcano (site 16) and 15 cm at 16 km 
to the west of the volcano (site 86) (see Fig. 29). At proximal sites the thickness of the 
deposit is greater than 137 cm (site 75). The axis of dispersal is 217°.
A small pumice flow deposit is found in at least one proximal site (our site 75, 4 
km from the volcano), underlying the CB3/2 pumice layer (see Fig. 19). The pumice 
flow deposit averages only 9 cm thick, but contains bread crust bombs up to 40 cm in 
length. It shows no evidence of different facies. Pumice found in the flow deposit 
appear more crystal-rich and more poorly-vesiculated than pumice from the CB3/2 
tephra layer. Directly overlying the pumice flow deposit is a thin layer of coarse tan­
grey ash consisting primarily of lithic fragments and fewer crystals.
Layer CB3/2 which appears uniformly white at distal deposits, includes a rusty 
band closer to the volcano. This band represents a zone within the layer that contains 
oxidized lithic clasts. The concentration of lithic clasts in the layer remains fairly 
consistent.
Above the pumice layer is there is a thick sequence of ash layers that vary in 
color and composition. Closer to the volcano (our site 1) these ash layers are 
interspersed with two thin pumice flow and surge deposits. The pumice flow deposits 
are composed of thin lenses of pumice and lithic clasts within a matrix of coarse ash. 
The uppermost of these flow units is significantly thicker, containing numerous lenses, 
and is found at least 4 km from the volcano (our site 75). Overlying the pumice flow 
deposits, the surge deposits are composed of coarse ash and lithic clasts and have 
interspersed layers of fine brown ash. They vary laterally in thickness and in number. 
The surge deposits and brown ash layers are also found to the north of the volcano (our 
site 40).
Overlying the thin brown soil horizon at the top of the interbedded surge and 
brown ash deposits, is a thick pumice flow deposit and a sequence of dune-bedded
Figure 29. Isopach map of CB3 tephra deposits..
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Figure 30. View of CB3 tephra and lower pumice flow deposits, at the base of Cerro 
Bravo (Site 1).
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Figure 31. View of CB3 upper pumice flow deposit and dune-bedded surge deposits at the
base of Cerro Bravo (Site 1).
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a highly irregular, erosional contact with the underlying CB3 pumice flow deposit and is 
very similar in appearance to the CB4 block and ash flow deposits. The deposit is 
composed of monolithologic lava fragments, with a matrix of fine lava fragments and 
lithic ash, with only a small amount of pumice. The deposit is massive with only a few 
distinct lenses and no fines-depleted base. Where the block and ash flow covers the 
surface there is hummocky topography similar to that associated with the CB4 block and 
ash flow deposit. Where the pumice flow deposit covers the surface there is a braided 
topography caused by erosion and cattle paths (see Fig. 32).
As mentioned above, the CB3 pumice flow is also found to the east of the 
volcano. On the Plan de Arriba (site 53) there are two thin monolithologic 
avalanche/block and ash flow deposits that overly the CB3 pumice flow deposit (see 
Fig. 23). The two deposits are both ~ 1 cm thick and are composed of lava fragments 
with a matrix of coarse and fine-ash sized lava fragments, with no pumice present. 
These deposits likely represent block and ash flows formed off the collapsing leading 
edge of a lava flow. The absence of CB2 or CB1 tephra overlying these two deposits 
makes their identification as belonging to the CB3 stratigraphic unit uncertain.
CB2
The CB2 tephra deposits are composed of one uniform layer of white pumice, 
designated CB2/2, which has distribution along an axis of dispersal of 266° (see Fig. 
33). Although the deposits are not as thick as those of CB3,45 cm at 4 km (site 75), 
the maximum pumice and median clast sizes tend to be larger. At proximal sites the 
CB2 deposits are slightly more complex, having an overlying layer of fine ash and a 
second thin layer of large pumice above this (site 75) (see Fig. 19). Many of the pumice 
clasts found in this second layer, CB2/1, have noticeable swirls of mixed colored glass
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ranging from white to medium grey in hand sample. No pyroclastic flow deposits have 
been found to be associated with this episode of activity.
CB1
Between CB2 and CB1 there is a small tephra layer that we have designated
CB1B. The CB1B deposit was found at only one out crop (our site 9) and is situated in 
the soil above CB2. The pumice is quite different than that found in either CB2 or CB1, 
being "stony" in appearance, denser, and more poorly vesiculated. The pumice is also 
more crystal rich, ~ 30 %, and contains oxyhornblende.
The CB1 tephra deposits are composed of a single layer of white pumice and 
have relatively local distribution (see Fig. 34). The axis of dispersal is 251°. Many of 
the deposits have been disturbed by cultivation and do not allow accurate measurements 
of the thickness or stratigraphy. In some areas, near the base of the volcano (sites 1-3), 
the deposits are completely absent. At a thick deposit (= 500 cm), found up on the 
volcano (site 29), it is possible to identify a thin layer of finer material, rich in lithic 
clasts located 25 cm up in the section. Many of the CB1 pumice clasts, especially close 
to the volcano, have swirls of different colored glass similar to samples from CB2/1. 
The glass ranges in color from white to dark grey.
A small CB1 pumice flow deposit with no distinct facies is located on the eastern 
flank of the volcano (site 46). This deposit is almost entirely composed of unusually 
dark and crystal-poor pumice, but is mixed with the intermediate and white crystal-rich 
pumice end member found at other sites in the tephra deposits..
CB 1 is the only stratigraphic unit for which an associated dome complex can be 
positively identified. This dome complex, often referred to by the authors as "the most 
recent dome complex", has a thin covering of coarse lithic-ash and breadcrust bombs. 
As previously described, the dome complex has numerous small craters and a number of
Figure 34. Isopach map of CB1 tephra deposits.
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small "collapse" chutes. Downslope from these chutes it possible to find talus and small 
avalanche deposits.
ERUPTION DYNAMICS
One of the primary goals of this study was to reconstruct eruption conditions for 
the different periods of plinian activity. Recent modeling based on theory and detailed 
studies of historic eruptions, has made it possible to assess various parameters for 
volcanic eruptions which have no recorded observations. These models and techniques 
rely on a combination of grainsize, maximum clast, and thickness distributions of tephra 
deposits.
Tephra deposits were examined and sampled in detail. Field measurements at 
each site included the thicknesses of units and the largest diameter of the 5 maximum 
pumice and lithic clasts. The average maximum diameter was calculated by averaging 
the diameters of the 3 largest clasts. Bulk samples were collected for the various units, 
air-dried, and dry-sieved in the laboratory using a Frische Analysette vibrating sieve 
shaker at low power to minimize breakage of pumice clasts. The sieve stack used had a 
1 (J) interval from -4 0 to 4 0 (32 mm - 1/16 mm). Clasts larger than 16 mm were 
separated using a -5 0 hand sieve. Median grainsize (Md^) and sorting factor (G^) 
were determined from cumulative frequency plots of the raw grainsize data where: Md^ 
= 050 and O0 = (084 - 0i6)/2, following Inman (1952).
As discussed earlier, there are often numerous layers of coarse material within a 
given unit. These layers represent pulses of increased activity and are separated by a 
reduction or cessation of eruptive activity. They also serve as visual evidence that 
eruption conditions , e.g. column height, velocities, and eruption rates, did not remain 
constant. To obtain a more accurate understanding of the eruption dynamics, the layers 
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were treated separately and used to determine conditions for discrete intervals within 
eruptions.
Isopach and isopleth (median grainsize, maximum pumice, and maximum lithic 
clast size) maps were constructed using field data and the derived median grainsize data 
(see Figs. 16, 20, 21, 22, 26, 29, 33, 34 and Appendix 2). Contouring of the data was 
done by visual evaluation and emphasized minimal values. The distribution of data 
points is concentrated to the south and west of Cerro Bravo. The steep terrain prevented 
even deposition, facilitated erosion of deposits, and limited our access. Consequently, 
most of the data points are located along the side of the road on ridges or relatively 
gentle slopes. The absence of roads and the thinness of the deposits to the north and 
east resulted in our having few data points in those areas. Due to the resulting 
distribution of the out crops it was only possible to construct one or two isopach or 
isopleth lines per map.
Dispersal Directions
On all of the maps the isopach and isopleth lines extend farthest to the southwest 
from Cerro Bravo with dispersal axes ranging from 212° to 269°, with a median of 240° 
(see Table 1). For a given unit, the dispersal direction usually varies little between the 
pumice, lithic, and median grainsize isopleth maps, but the isopleth maps tend to have a 
noticeably stronger southward component than in the corresponding isopach map. The 
isopachs and isopleths enclose the volcano with the exception of the CB6, CB6/1 and 
CB6/2 isopach maps which are displaced roughly 5 km to the west along their dispersal 
axes.
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Isopach maps have been used at many times to estimate the volume of erupted 
material. Early techniques involved constructing plots of log (area within isopach) vs. 
log (thickness of the isopach) and integrating under the curve (e.g. Rose et al., 1974). 
Determining the proper extrapolation of the curve for distal deposits was troublesome 
since the distal deposits are seldom recognizably preserved, yet, they are critical because 
they represent a major percentage of the volume (Walker, 1980; Williams and Self, 
1983). A recent technique developed by Pyle (1989) uses plots of ln(thickness of 
isopach) vs. (area within the isopach)1/2. This technique is superior for calculating 
volumes since it results in a linear relationship that allows easy extrapolation of distal 
deposits and can be used with fewer isopachs.
Following the techniques of Pyle (1989), the Cerro Bravo data was used to 
produce plots of ln(thickness of isopach) vs. (area within the isopach)1/2 (see Fig. 35). 
The isopach maps produced simple linear relationships, with the exception of the data 
for the cumulative CB9 unit. It can be argued that this data is better characterized by two 
line segments. The volumes were calculated for the different units and layers by 
integrating the area under the line using the equation:
VExp = 13.08 T0b2. Eq. 1
In this equation, To is the extrapolated maximum thickness (in km) and is by definition 
the y-intercept of the line of data on the ln(thickness of isopach) vs. (area within the 
isopach)1/2 plot. The thickness half-distance, bt, can also be calculated from the line
using the relationship:
Eq. 2
where k is the negative of the slope of the line. A similar parameter that will be used 





















where kc is the negative of the slope on a plot of ln(max clast size isopleth) vs. (area 
within the isopleth)1/2 (Pyle, 1989).
For the case of CB9 with two line segments, a different equation was used to 
integrate under the curve. This equation modified from Pyle (1989) by Fierstein and 
Nathenson (1989): 
Eq. 4
uses the variable k to represent the negative of the slope of the proximal segment, kj for 
the slope of the distal segment, and Aip for the area at the intersection of the two 
segments on the ln(thickness of isopach) vs. (area within the isopach)1/2 plot. To is the 
extrapolated maximum thickness (in km) calculated using the proximal segment. The 
calculated volumes and corresponding mass (based on a density of 1000 kg/m3 for 
tephra deposits and 2500 kg/m3 for dense rock) are reported in Table 1.
Column Height
Recent modeling of eruption columns has shown that maximum clast size distribution is 
dependent on the total column height (HT) and atmospheric wind velocity (vw) (Carey 
and Sparks, 1986). The influence of these factors can be shown on an isopleth map, 
where the isopleth half-width reflects the column height and the isopleth downwind 
range reflects a combination of the column height and the wind velocity (see Fig. 36). 
By graphically comparing these two parameters to theoretically-derived curves, it is 
possible to estimate both column height and wind velocity (Carey and Sparks, 1986; see 
Fig. 37). Column heights and wind velocities were determined for Cerro Bravo layers 
following these techniques.
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Figure 37. Column height determination plots 
(after Carey and Sparks, 1986).
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Lithic isopleth data was used to determine column heights in preference to 
pumice isopleth data since pumice has lower and more variable density and is more 
easily effected by wind conditions. It was found that column heights generally ranged 
from 13 to 22 km with highs of 24 km for CB5/3 and 27 km for CB9/2; wind velocities 
ranged from 9 to 37 m/sec, but tended to be roughly 20 m/sec. It should be noted that 
these are maximum values for the periods activity represented by the layers as opposed 
to averages. Complete results are reported in Table 2.
Discharge Rates
A model of eruption columns developed by Sparks (1986) has determined 
column heights as a function of discharge rate and eruption temperature. Using this 
model, Sparks generated a set of column height vs. discharge rate curves for selected 
eruption temperatures. By graphically comparing the column heights generated above 
and an eruption temperature (0) of 900° with the derived curves it was possible to 
determine both mass (m) and volume (^) discharge rates for the Cerro Bravo units (see 
Fig. 38). The eruption temperature of 900° was chosen based on petrographic 
observations (see Chapter 2) and as being representative for dacite melts (Cas and 
Wright, 1987). Mass discharge rates ranged from 5.5 x 106 to 6.2 x 107 kg/sec and 
volume discharge rates ranged from 2.2 x 103 to 2.5 x 104 m3/sec; complete results are 
reported in Table 2.
Eruption Duration
By knowing the mass discharge rate and the total mass of material erupted it is 
possible to calculate the theoretical duration of the eruption (te). Wilson (1976) 
described the relationship with the equation:
Eq. 5
64
















106kg/secCB1 16 "IT" -----------2-----
CB2 26 22 11 26CB3
CB3/2 11 22 11 26CB4
CB4/1 9 16 4 11
CB4/2 20 15 3 8
CB4/3 10 21 9 22CB4/4 9 15 3 7
CB5
CB5/1 23 16 4 11
CB5/2
CB5/3 22 24 15 36CB5/4 25 20 8 20CB6
CB6/1 30 19 7 18CB6/2 37 15 3 8
CB7
CB7/3 18 17 5 12CB7/4 26 14 3 a
CB7/5 20 16 4 10CB7/6 30 15 3 8CB9
CB9/1 24 16 4 11
CB9/2 16 27 25 62CB9/3 20 17 5 12CB9/4 18 17 5 12CB9/5 21 18 6 14CB9/6 29 15 4 9

















Mass discharge rate (kg/sec)
Figure 38. Eruption discharge rate determination plot (after Sparks, 1986)
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where my is the total mass of erupted material and m is the average mass discharge rate. 
For continuous eruptions, Wilson (1976) suggested that the average muzzle velocity 
was seldom less than one half the maximum muzzle velocity. Since discharge rate (m) 
is directly related to muzzle velocity (assuming no change in vent radius), it is possible 
to estimate the average discharge rate as m = 1/2 m. Since the true average discharge 
rate is some value between 1/2 m and m, the duration of eruption is calculated as a range 
using m = m to obtain a minimum value and m = 1/2 m to obtain a maximum value 
(results shown in Table 3).
To calculate the duration for an episode of activity, it is necessary to combine the 
durations of the subdivisions. A maximum value for duration cannot be calculated 
because the activity during each episode is not continuous, they include numerous 
separate ash emissions as well as the various plinian pulses of activity. The minimum 
duration was estimated by assuming continuous activity. The minimum durations of the 
episode subdivisions were summed along with a duration for any unaccounted for 
erupted mass estimated using the smallest discharge rate of the episode to approximate 
conditions (see Table 3).
Power
Early attempts at numerical modeling of eruption columns resulted in the 
development of equations that quantify power, thermal energy, muzzle velocity, and 
vent radius (Yokoyama, 1957; Wilson, 1976; Wilson et al, 1978). Power (0), the rate 
of thermal energy output, can be calculated for eruptions using the relationship:
Q = o V c (9 - eA) F Eq. 6
derived by Wilson et al. (1978). In this equation, o is the density of magma (2500 
kg/m3), V is the volume discharge rate, and c is the specific heat of magma (1.1 x 103 
J/kgK). As already discussed, the eruption temperature (9) used was 850° (expressed
Table 3. Cerro Bravo eruption dynamics, part 3.
Unit

















TbT~ 6.2 12.3 ”T" ~T~ 2.0 ~W~
CB2 3.6 7.2 12 25 8.5 120 132
CB3 4.2
CB3/2 2.3 4.7 12 25 5.7 120 131
CB4 10.6
CB4/1 2.1 4.2 5 10 1.4 86 99
CB4/2 1.5 3.0 4 8 0.7 111 77
CB4/3 2.5 5.0 10 21 4.7 83 145
CB4/4 4.5 9.0 4 7 2.3 97 78
CB5 15.9
CB5/1 9.7 19.5 5 10 6.5 93 95
CB5/2 3.2
CB5/3 0.9 1.8 17 34 3.0 135 146
CB5/4 2.1 4.3 9 18 3.4 181 93
CB6 13.2
CB6/1 5.2 10.4 8 17 6.0 103 117
CB6/2 8.0 16.0 4 8 4.0 100 82
CB7 35.1
CB7/3 1.3 2.6 6 11 1.4 103 96
CB7/4 3.3 6.6 3 6 1.4 91 75
CB7/5 4.0 8.0 5 10 3.0 82 99
CB7/6 3.3 6.7 4 8 1.7 123 74
CB9 48.9
CB9/1 8.1 16.3 5 10 5.4 96 93
CB9/2 0.9 1.8 29 58 4.3 71 264
CB9/3 1.5 3.0 6 11 1.4 128 86
CB9/4 2.8 5.6 6 11 2.6 70 116
CB9/5 3.3 6.7 7 13 4.0 75 123
CB9/6 4.1 8.2 4 8 2.1 87 91
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as 1123 K in this equation); the ambient temperature (0A) for Cerro Bravo is roughly 
4°C (277 K). The efficiency factor, F, is dependent on fragmentation of the ejecta and 
has been observed to be =1.0 for explosive plinian eruptions (Wilson et al., 1978). A 
range of power estimates for Cerro Bravo eruptions was found using the maximum 
volume discharge rate and an "average" discharge rate of 1/2 V following the reasoning 
from above for finding average mass discharge rates. Complete results are recorded in 
Table 3.
Total Energy
The total energy released by eruption (Eth) can be found using the rate of thermal 
energy release (power) and the duration of eruption. By combining the respective 
equations (Eq. 5 and 6) and the relationship m = o V we get:
Eq. 7
This equation eliminates the uncertainties involved in determining average dispersal rates 
and eruption duration and it allows the calculation of thermal energy release for an entire 
episode. An alternative technique developed by Wilson et al. (1978) uses a graphical 
comparison of column height and eruption duration to obtain an estimate of thermal 
energy released (see Fig. 39). A comparison of the results of the two techniques shows 
that the first technique gives consistently lower values (see results in Table 3).
Muzzle Velocity
Wilson (1976) derived the equation:
Eq. 8
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Total Energy of Eruption
Log Eruption Duration (min)
Figure 39. Total energy of eruption determination plot 
(after Wilson et al., 1978).
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which quantifies muzzle velocity (u0) as the velocity required to suspend the average 
maximum clast. In the equation, g is the force of gravity (9.88 m/sec2), r0 is the radius 
of the average maximum clast (lithic clast size is usually used), o0 is the density of the 
clast (2500 kg/m3 - lithic clast density), and C is the drag coefficient which is 
approximately 1 for plinian velocities (Wilson, 1976). The effective density of gas, p0, 
is a function of r0 such that p0 = 0.18 kg/m3 when r0 < 0.1 and p0 = 0.19 kg/m3 when 
0.2 < r0< 0.35 (Wilson, 1976; Bardintzeff et al., 1989).
The radius of the average maximum clast has been determined in the past by 
extrapolating clast sizes from proximal sites to the source (Wilson, 1976, 1980; 
Williams and Self, 1983). A new technique has been proposed by Pyle (1989) who 
noted that maximum clast size distribution forms a linear trend on ln(isopleth clast size) - 
(area within the isopleth)1/2 plots (see Fig. 40). The diameter of the average maximum 
clast (2r0) is the y-intercept of the linear trend. This technique has the added advantage 
of eliminating ballistic clasts found at proximal sites that reflect periodic explosions 
during the eruption rather than the eruption column conditions. The calculated muzzle 
velocities for the Cerro Bravo units range from 84 m/sec to 162 m/sec with one isolated 
high value of 217 m/sec for CB5/4. Complete results are reported in Table 3.
Vent Radius
While muzzle velocity can be estimated using the maximum clast, it is dependent 
on two other parameters, confining pressure and vent radius (Wilson, 1976). Confining 
pressure can be expressed in terms of weight percent volatiles in the magma (n) which 
can be estimated by electron microprobe data from glass in eruptive products or less 
accurately by estimates from the petrology of the products (Green, 1982; Merzbacher 
and Eggler, 1984). Vent radius was calculated with the relationships:
7 1
Figure 40. Near vent maximum clast size 
determination plots (after Pyle, 1989).
Max, Pumice clasts 
Max. Lithic clasts 
Median grain-size
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Eqs. 9 & 10 
derived by Wilson (1976). The mass discharge rate (m) and muzzle velocity (u0) were 
determined above. The variable q is the ratio of the average velocity of the plume and 
the vertical velocity of the plume at its centerline, which is taken to approximate 1 
(Wilson, 1976). The bulk density of the column at the vent (0O) is calculated using the 
effective density of gas (pg, determined above) and a volatile content (n) of 4-5% 
estimated by petrology of pumice samples (see Chapter 2). Due to the crude estimate 
and assumption of constancy of volatile content, no great weight should be placed on the 
calculated vent radii (see Table 3 for results) which at best are only representative for the 
period of maximum column height for the different pulses of activity studied.
Eruption Classification
A number of attempts have been made to develop classification schemes to 
enable the quantification and comparison of the "bigness" of eruptions (Tsyuya, 1955; 
H&iervdri, 1968; Walker, 1973, 1980; Newhall and Self, 1982; Fedotov, 1985; Carey 
and Sigurdsson, 1989; Pyle, 1989). Walker (1980) identified five primary kinds of 
"bigness" for volcanic eruptions, these are: magnitude, intensity, dispersive power, 
violence, and destructive potential. The magnitude of an eruption refers to the total 
volume of material erupted. Intensity and dispersive power of eruption are interrelated 
since dispersive power - measured as the area covered by eruptive products, is a 
function of the intensity of the eruption - referred to in terms of mass discharge rate 
(Settle, 1978; Wilson et al., 1978, 1980; Sparks, 1986; Carey and Sparks, 1986; Carey 
and Sigurdsson, 1989). Eruption "violence" is better applied to flows than to tephra fall 
since it refers to the distribution of volcanic products determined by momentum and 
tephra is transported bouyantly by the eruption cloud. The fifth term, destructive
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potential refers to the area of actual or potential destruction of property and vegetation by 
an eruption; it will be discussed in greater detail in Chapter 3.
The Volcanic Explosivity Index (VEI), developed by Newhall and Self (1982), 
is one scale widely used for evaluation and comparison of volcanic eruptions. By 
incorporating both magnitude and intensity in the index it conveys a sense of violence as 
well as the amount of material erupted. Carey and Sigurdsson (1989) have a developed 
a simple technique for determining VEI using a plot of column height and volume of 
erupted material (see Fig. 41). Using this technique it can be seen that eruptions at 
Cerro Bravo range from 3 to 4 on the VEI scale. As found by Carey and Sigurdsson 
(1989), many of the eruptions plot outside of the proposed VEI fields suggesting that 
the fields and the scale should be modified to reflect actual eruptions. Another scheme 
commonly used to evaluate "bigness" is the classification scheme for tephra fall deposits 
developed by Walker (1973). It divides deposits into styles of explosive activity based 
on dispersive power of the eruption. Walker originally used the dispersive index (D) 
which is a measure of the area enclosed by the isopach for O.OlTo and the fragmentation 
index (F), the weight percent in the submillimeter fraction where the dispersal axis 
crosses the O.OlTo isopach to describe the deposits and classify them. To do this 
requires detailed field measurements at distal deposits along the axis of dispersal which 
is often not feasible.
Pyle (1989) developed a simpler technique for classifying the deposits using 
thickness half-distance (bt) and maximum clast half-distance (bc) (see Fig. 42) where the 
thickness half-distance is used in place of D and the half-distance ratio (bc/bt) is used in 
place of F. Both bt and bc can be determined using limited field data as already 
discussed. The majority of Cerro Bravo deposits plot in the plinian field, while three 
plot in the subplinian field and one plots beyond the plinian field (Fig 42 and Table 4).
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VEI Index
Log Total Erupted Mass (kg)
Figure 41. Volcanic Explosivity Index 
classification determination plot (after Carey and 
Sigurdsson, 1989)
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Cerro Bravo Eruption Classification
Dispersal Index (D km2)
Figure 42. Eruption type classification determination plot 
(after Pyle, 1989).

































The grainsize analyses performed on the tephra samples allow the evaluation of 
the eruption cloud as a transport mechanism. One method is a visual evaluation using 
the cumulative frequency plots of the raw grainsize data from samples collected at 
increasing distance from source (see Fig. 43). It is seen that for all of the units, the 
median grainsize (Md<p and the sorting factor (G^) decrease with increasing distance 
from source as is predicted for airfalls (Fisher, 1964). The cumulative curves tend to be 
concave for larger size fractions and convex for smaller size fractions giving a loose s- 
shape to the curve (Fig. 44a and b). In Fig. 44a, it is seen that the importance of the 
finest size fraction increases with distance from the volcano for some units, while for 
other units (Fig. 44b) their is little or no change in the finest size fraction. A number of 
units have cumulative curves that are convex for the larger size fractions and concave for 
the smaller size fractions (Fig. 44c). The importance of the shape of the cumulative 
curves is unclear; a wide variety of shapes has been documented by other studies of 
airfall deposits (Walker and Croasdale, 1970; Booth, 1973; Self, 1976; Williams, 1979; 
Walker, 1980; Sussman, 1982).
Another commonly used graphical evaluation can be made using plots of Md^ - 
O0 as shown by Walker (1971; see Fig. 44). A few of the airfall deposits are more 
poorly sorted than expected for airfall deposits (these are proximal deposits), while the 
majority are well within the previously observed ranges. Also plotted on this diagram 
are pumice flow deposits, surges, and block and ash flow matrixes.
CHRONOLOGY AND AGE CONTROL
Establishing age control for deposits is an important facet of volcanological 
studies. Historical records document eruptions of Nevado del Ruiz in 1989, 1985, 
1845, and 1595 (Simon, 1625; Acosta, 1846, 1850/51; SEAN 1985a, 1985b; SEAN
Figure 43. Tephra grain size cumulative frequency plots.
78
Median diameter Md0 (= 05q)
Figure 44. Plot of median grain size versus the sorting factor for Cerro Bravo pyroclastic deposits. 
Solid line is zone including 99 % of tephra deposits, dashed line is zone including 99 % of pyroclastic 
flow deposits (after Walker, 1971; Walker et al., 1980)
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1989), but it has been necessary to use other techniques to determine ages for older 
activity. A number of studies have obtained 14C dates from peat or carbonized wood to 
date deposits from Nevado del Ruiz and Cerro Bravo (Herd, 1982; CHEC, 1983; 
Thouret et al., 1985b). Additional carbon samples were collected and analyzed for this 
study (see Table 5). Due to the overlapping stratigraphy of Ruiz and Cerro Bravo tephra 
deposits it is possible to use dates obtained for eruptions at one volcano to constrain the 
time of activity at the other volcano.
To incorporate the dates obtained in other studies it is necessary to correlate their 
out crop sections with our stratigraphy. As already discussed, Herd's (1982) 
stratigraphy is easily correlated with our stratigraphy. Thouret et al. (1985b) do not 
attempt to place their samples within the Herd stratigraphy, but, by comparing their out 
crop sections to sections by the authors from the same localities, it is possible to make 
correlations with our stratigraphy (see Fig. 45 and 46).
There has been some debate as to whether the 1845 eruption of Nevado del Ruiz 
produced juvenile products or was entirely phreatic (Herd, 1982; Thouret et al., 1985b). 
Herd (1982) identified the uppermost Ruiz deposit, Rl, as coming from the 1595 
eruption. However, the historical records suggest that the 1595 eruption was very large 
(Simon, 1625) and the Rl deposits have poor lateral distribution and appear to represent 
a small eruption (R.H. Young, pers. comm.). Thouret et al. (1990) have reinterpreted 
the 1845 eruption to have included the emission of tephra. They correlate the uppermost 
tephra layer (Rl) (below the 1985 and 1989 deposits) with the 1845 eruption and the 
underlying, more extensive, and coarser-grained tephra deposits (R2) with the 1595 
eruption.
This reinterpretation of the ages for Rl and R2 agrees well with 14C data. 
Thouret et al. (1985b) obtained a date of 310+70 ybp from the soil overlying R2 and the 
14C date obtained for carbonized wood from within a CB1 tephra deposit (this study)
Table 5. Sample descriptions and locations for new ,4C ages.
Sample # Site# Unit Description Age
CB/C-2 S-59; on the southern flank of 
Cerro Bravo, halfway up the 
southern cone from El Doce
CB1 partially carbonized wood collected from just 
below the soil within CB1 tephra deposit
<200
CB/C-12 S-56; exposure on the southern 
bank of the Quebrada Jordan 
along Plan de Arriba trail
CB3 charcoal collected from within body of upper 
CB3 pumice flow deposit
8601110
CB/C-4 S-l; at the southern base of Cerro 
Bravo, next to El Doce
CB3 carbonized wood collected from base of 
upper CB3 pumice flow deposit
9401120
CB/C-7 S-l; at the southern base of Cerro 
Bravo, next to El Doce
CB4 carbonized wood collected from base of 
lowermost CB4 pumice flow deposit
11901120
CB/C-1 S-31; northern flank of Cerro 
Bravo within collapse chute
CB4 carbonized wood collected from within body 
of a CB4 pumice flw deposit
12101130
CB/C-28 S-l9; on the northern flank of 
Nevado del Ruiz, near the 
intersection of the Murillo road 
and the Rio Guali
>CB5 charcoal collected from middle of soil 




Figure 45. Stratigraphic correlation of published C-14 ages (H - Herd, 1982; 
C - CHEC, 1983; T - Thourct cl al., 1985b; L - this study).
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Section not drawn to scale
Figure 46. Chronology of Cerro Bravo and recent Nevado 
del Ruiz pyroclasic deposits (h - Herd, 1982; C - CHEC, 
1983; T - Thouret et al., 1985b; L - this study).
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yielded an age of less than 200 years. The CB1 activity occurred between R1 and R2 as 
seen by overlapping stratigraphy.
At sites proximal to Cerro Bravo, it is possible to find carbonized wood within 
the pyroclastic deposits. As already mentioned, a sample was collected from a CB 1 
tephra deposit. CHEC (1983) also collected carbonized wood from within a tephra 
deposit that they identified as CB1. The 14C age acquired from the sample was 625±70 
years. This age conflicts with the previously discussed chronology, requiring R2 to be 
older than 600 years. Our examination of the CHEC collection area (near our site 1) 
reveals that CB1 deposits are absent and that the uppermost tephra deposit in the section 
is CB2. An age of ~ 625 years is within the expected range for CB2.
Carbonized wood samples were collected by the authors at two sites from within 
the base of the large CB3 pumice flow deposits and at two sites from within the base of 
the CB4 pumice flow deposit. Carbon 14 analyses gave ages of 86O±l 10 and 940±120 
ybp for CB3 and 1190±120 and 1210±l 30 ybp for CB4. These ages agree with ages 
from samples collected from soil by Thouret et al. (1985b) (see Fig. 45). A sample 
collected by Herd (1982) from the soil just below a CB4 tephra deposit suggests a 
slightly younger age (1070±90 ybp) for CB4.
Further down in the sequence, samples for 14C dating must be collected from the 
soil layers. Samples from Thouret et al. (1985b) and Herd (1982) constrain the ages of 
R5 through R7 activity. The ages of samples collected from the soil above and below 
CB5 tephra deposits, 2610±35 and 2735130 respectively (Thouret et al., 1985b), 
suggest an age of ~ 2700 ybp for this episode of activity.
The 14C ages obtained from samples below CB5 are not consistent. It is 
difficult and dangerous to judge the quality of samples collected by other authors when 
they do not discuss such things themselves. In Fig. 45 it is seen that all but one of the 
ages in question are from the same site and stratigraphic section of Thouret et al.
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(1985b). Moving upwards through this section, the ages of the samples continually 
decrease: 6230+100, 5820±150, 4750±110, 3230±60, and 3285±50, until within and 
above CB7 deposits where there are samples with ages of greater than 5000 years. 
These two samples are inverted in age as well as being out of sequence with the other 
sample ages (see Fig. 45). Above the two > 5000 year old samples are samples 
younger than the 3200 year samples. Simplicity suggests that we should doubt the two 
> 5000 year samples.
Using similar reasoning, we doubt the sample dated at 2600±50 ybp (Thouret et 
al., 1985b) from the soil below R8, also in the same section. The ages of the two 
overlying samples are older, 2735±30 ybp below CB5 and 261O±35 above CB5, and 
allow more time for the various periods of activity.
The last conflicting age is for a sample collected for this study. This sample has 
a reported age of 3260±150 ybp and was collected from midway up the soil layer above 
R8 in a zone of lithics and highly altered pumice. This zone was not noted at any other 
site and probably represents a small landslide of CB7 material (ages of 3230±60 and 
3285±50; Thouret et al., 1985b) from deposits uphill. In retrospect, this was a poor 
sample choice for analysis.
Below CB7, at the base of the soil above CB9 is a widely distributed layer with 
abundant carbonized wood. Both Herd (1982) and Thouret et al. (1985b) collected and 
analyzed samples from this layer, obtaining ages of 6250±l 10 and 6205±45 ybp 
respectively. This layer with carbon, although with the soil layer, is still within the 
deposits from CB9 activity. Pumice and ash layers are found in the soil overlying it 
suggesting that there may have been a short hiatus in the activity with a large fire, 
possibly started by the renewal of activity.
The start of CB9 activity is constrained by two samples with ages of 8590± 115 
(Herd, 1982) and 863Q±5O (Thouret et al., 1985b). One sample was collected from the 
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soil above R9 and the other from the soil above CB17 constraining both of those periods 
of activity. The oldest sample collected from the Ruiz and Cerro Bravo deposits has 
been dated at 13,760±150 ybp (Herd, 1982). It was collected from a peat layer below 
CB17 and resting on a glacial moraine. This age has been used to fix the retreat of 
glaciation at just greater than 13,000 years ago (Herd, 1982).
DISCUSSION
Detailed examination of the volcanic products of Cerro Bravo has provided 
insight to the past activity of the volcano. The pyroclastic deposits are evidence of 
repeated explosive volcanism, the domes and lava flows are evidence of several periods 
of effusive activity, and the fault scarps and chutes are evidence of continued faulting 
and gravitational collapse at the volcano. By integrating these data and correlating 
deposits, it has been possible to reconstruct the history of volcanic activity at Cerro 
Bravo.
The oldest activity at Cerro Bravo encompassed by this study was the formation 
of the Quebrada Seca Caldera. It is uncertain when this occurred, but a K-Ar age of 
50±50 Ka has been obtained for lava from the pre-caldera edifice (J-C Thouret, pers. 
comm.) suggesting an age of less than 100,000 years. The resurgence of activity at the 
volcano coincided with a change in mineralogy, from augite and minor plagioclase, 
hornblende, and orthopyroxene, to plagioclase and hornblende, and minor 
orthopyroxene, augite, and biotite.
Effusive Activity
The pyroclastic deposits representing explosive volcanism at the volcano from 
the initial resurgence of activity until just after the end of the ice age were not found near 
the volcano. The presence of thick deposits of volcanigenic sediments of Cerro Bravo 
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origin in the Magdalena river valley and the existence of the complicated pyroclastic 
stratigraphy beginning just after the retreat of glaciation near the volcano suggest that 
much if not all of the missing material has been removed by a combination of glacial and 
stream erosion. Products of effusive volcanism from the early resurgence of activity 
although present, are difficult to interpret due to mantling by more recent deposits and 
the destructive nature of the volcano.
The presence of thick, long (relative to more recent examples) lava flows at the 
base of the volcano, suggests that there was a period of rebuilding at the volcano. Lava 
largely filled in the caldera and proceeded to pile up, forming a new volcanic edifice. 
During this time both the lava flows to the east of Cerro Bravo and underlying the 
southern cone were extruded. The formation of the southern cone appears to have 
signalled the end of the long lava flows and is possibly related to the volcanic slope 
reaching some critical value. As the volcanic edifice got steeper the lava flowed down 
steeper slopes. Beyond some critical angle, lava flows cannot maintain their integrity, 
collapsing at the leading edge to form block and ash flows. This behavior has been 
observed at Arenal volcano in Costa Rica and Santiaguito dome in Guatemala (S.N. 
Williams, pers. comm.). Deposits judged to have formed from this type of activity were 
found overlying the CB3 pumice flow deposit on the Plan de Arriba and in the Quebrada 
de Luna.
Following the construction of the southern crater, activity migrated north 
forming the volcanic edifice found beneath the most recent complex and including many 
of the lava flows to the north. It is likely that the first faulting, resulting in the 
development of the northern chute, occurred at this time. Activity migrated back to the 
southern cone at least once to form the dome in the southern cone. Lava flows from this 
dome are found exposed on the surface extending to the to the north.
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At some point, possibly while the dome was still hot, the southern crater was 
split by a NE-SW trending fault and the dome collapsed. The distribution of the 
indurated block and ash flow deposits found in the upper Rio Aguacatal valley and near 
the road to Herveo suggests that this deposit may represent material from the collapse. 
Although geographically separated, the physical similarities of the indurated block and 
ash flow deposit near La Plata suggest that it originated sometime during this phase. All 
activity since the dome formation in the southern cone has been centered near the most 
recent nexus of activity.
Pyroclastic Activity
The pyroclastic record includes the last 13,000 years of activity at Cerro Bravo, 
but cannot be directly correlated to particular effusive activity at the volcano until the 
most recent episodes. In this usage, episode is a term to describe the period of activity 
that forms an individual stratigraphic unit, from reactivation and eruption of the volcano 
to a cessation of activity and quiescence. At a time scale greater than an "episode", the 
term "epoch" will be used to describe a group of episodes that occur within a short 
period of time.
When looking at the chronology of the episodes of activity, it becomes apparent 
that there are hiatuses of different lengths between them. Between CB9 and CB7 there 
was a hiatus of roughly 3000 years, but the episodes of CB7, CB6, and CB5 all 
occurred within a 500 year time period. There is a gap of almost 1500 years between 
the episodes of CB5 and CB4, but four episodes, CB4-CB1, have occurred during the 
last 1200 years. As a result we have divided the chronology into four epochs with 
CB17 and CB9 each being an epoch, and grouping CB7-CB5 and CB4-CB1 to form the 
other two epochs.
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The two oldest epochs of activity are composed of individual episodes, CB17 
and CB9, while more recent epochs include multiple episodes. In addition, the length of 
the hiatus between epochs of activity and the volume of material erupted during episodes 
of activity (with the exception of CB17) have decreased over time (see Fig. 47). The 
amount of material erupted during epochs of activity has fluctuated over time. There has 
been a trend toward more frequent activity, more frequent epochs and more episodes 
during epochs, coinciding with a decrease of material erupted during each episode. 
Correlations between the frequency of eruption and the amount of material erupted has 
been noted at a number of volcanoes (Etna by Wadge and Guest, 1981; Kilauea, Piton 
de la Foumaise, Nyamuragira, and others, by Wadge, 1982). Bacon (1982) showed 
that eruption rates in the Coso Range, California, were relatively constant over time 
using a plot of time of eruption vs. volume erupted. Using this technique it is seen that 
Cerro Bravo has had an average eruption rate of 0.3 km3/Ka (Fig. 47) and suggests that 
reactivation of the volcano in the near future would result only in small eruptions. It 
must be remembered however, that trends can change. The possibilities of future 
activity will be discussed at length in Chapter 3.
Tephra deposits suggest that the three episodes, CB17, CB9, and CB7, were 
similar in style. There were numerous pulses of plinian activity with eruption columns 
heights of 14 - 18 km (one eruption CB9/2 had an eruption column height of 27 km) and 
blowing SSW to WSW, which produced multiple layers of coarse tephra. Some of the 
pulses occurred during the same eruption with only a short intervening period of less 
energetic activity and finer ejecta, while others appear to have been separated by an 
undeterminable short period of time. These differ in out crop, having intervening layers 
of coarse lithic and crystal-ash, but no vitric material. Differences in weathering are 
inconclusive due to the incipient alteration associated with groundwater.
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Figure 47. Plot of cumulative volume erupted by Cerro Bravo.
9 1
Shortly following the CB7 episode, the CB6 episode had two major and one 
minor pulses of activity during one eruption which probably lasted for around 13 hours. 
There were maximum column heights of 15 and 19 km. A combination of strong wind 
blowing « 35 m/sec and lower density pumice than normal for Cerro Bravo resulted in 
an offset of the thickest deposits and tephra distribution straight west from the volcano. 
Plinian activity since this episode has varied from SSW to W in distribution, but none 
have shown a similar displacement.
The CB5 episode is the oldest episode for which there are clearly known 
pyroclastic flow deposits. The absence of older flow deposits is probably only a 
function of the location and size of exposures since the base of the sequence was never 
found in out crop. Plinian activity was similar during the CB5 episode, but was 
apparently interspersed with other pyroclastic activity. A collapse of the summit dome 
resulted in a block and ash flow that filled the Rio Aguacatal valley and was immediately 
followed by a pumice flow. The deposits are monolithologic lava dome rock fragments 
and small amounts of pumice and grade upwards to pumice flow deposits. A partial 
dome collapse to the north produced the block and ash deposit underlying the extensive 
CB4 block and ash flow deposit.
There are no interfingered or contemporaneous tephra deposits found associated 
with the pumice flow deposits suggesting that the eruption rate/muzzle velocity was 
insufficient to sustain an eruption column and the ejected material returned to the ground 
with entrapped gas enabling it to flow away from the volcano. This is similar to the 
larger pumice flow deposits of CB4 and CB3. A number of these pumice flow beds are 
found with thin layers of soil in between, indicating breaks in the activity.
The most recent epoch of activity began roughly 1200 years ago with the CB4 
episode of activity. The explosive phase of this episode of activity was composed of 
four distinct pulses of plinian activity and eruption of a number of small pumice flow 
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deposits. A large block and ash flow deposit to the north of the volcano and filling the 
Rio Perrillo valley is evidence of a large collapse of the summit dome during the effusive 
phase of activity of this episode.
The deposits from the CB3 episode are the most complicated. The large CB3 
plinian eruption was both preceded and followed by small pumice flows. The pumice 
flows that occurred after the plinian event are associated with ash layers. These are 
probably formed by the collapse of small subplinian columns that were not large enough 
to eject ash any significant distance. Above these pumice flow and ash deposits is a thin 
soil horizon indicating a time break and above that is the thick CB3 pumice flow deposit. 
The CB3 pumice flow covered the entire volcano when it erupted and, like the CB5 
pumice flows, it is not associated with a plinian eruption. During the pumice flow 
eruption, a thick lag deposit was formed near the summit of the volcano. The explosive 
phase was concluded with a few subplinian events and surges that formed the ash and 
dune-bedded surge deposits found at the southern base of the volcano. A dome was 
extruded during the effusive phase of activity and partially collapsed down the northern 
chute depositing a small block and ash flow deposit. The fragmentary remains of the 
dome can still be found, just to the north of the most recent dome complex.
Deposits of the two most recent episodes of activity, CB2 and CB1, have much 
less complex stratigraphies. The major CB2 eruption was powerful, with a 22 km 
eruption column, but the secondary pulse of activity is known only from a few proximal 
deposits. CB2 was followed by a small inter-episode eruption designated CB1B. The 
CB1 episode only included one plinian eruption which was small both in column height, 
13 km, and in volume, 0.05 km3 (DRE), but did include a small pumice flow. Both the 
CB2 and CB1 eruptions included pumice of mixed color glass.
Following the explosive activity of the CB1 episode less than 200 years ago, the 
most recent dome complex was emplaced. This complex probably includes and/or 
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overlies the CB2 dome since no deposits were found that suggest that it was destroyed. 
At some time during these two episodes, the summit area collapsed forming the fault 
scarp through the CB3 lag deposit. Phreatic and phreatomagmatic explosions ejected 
fine dome rock fragments, blocks, and breadcrust bombs while forming the small 
craters in the domes. Eventually the dome cooled and the volcano lapsed into 
quiescence. Since that time there has been no activity at the volcano other than the few 
small faulting events that formed avalanches and the small chutes into the dome.
CONCLUSIONS
The deposits of Cerro Bravo volcano, more recent than the Quebrada Seca 
Caldera, were studied to help reconstruct and characterize the activity of the volcano. In 
particular, detailed measurements and observations were made of the pyroclastic 
deposits which all postdate the retreat of glaciation some 13,000 years ago. It was 
found that the pattern of activity at the volcano has remained relatively consistent with 
time. The period for which there are pyroclastic deposits was broken up into four 
epochs of activity, each separated by quiescence of longer than 1000 years, and nine 
episodes of activity occurring within these epochs. Episodes are separated by only a 
few hundred years of quiescence.
A number of different volcanic eruptive phases and processes occur during each 
episode (see Fig. 48). Characteristically, the initial phase of each episode is explosive, 
including one or more pulses of plinian activity which may or may not include more than 
one distinct eruption. The volume of material erupted by plinian activity during an 
episode has decreased with time. Interspersed with the plinian activity are small 
pyroclastic flows that form when the eruption is not powerful enough to sustain a 
column and numerous emissions of coarse lithic and vitric-ash.
Styles of Activity at Cerro Bravo
Figure 48. Eruptive sequence in an idealized episode showing: (a) repose; explosive phase - 
(b) plinian eruption, (c) pumice flow; effusive phase - (d) dome growth, (e) dome collapse 
and block and ash flow; (f) repose.
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The end of the explosive phase is signaled by the extrusion of lava and dome 
growth. Early in the growth of the volcano, these lava flows extended several 
kilometers from the vent, but later the volcanic edifice is so steep the flows are confined 
to the summit. Recent lava flows have collapsed along their leading edge, forming 
block and ash flows, when they reach the steep slope. Accompanying the lava extrusion 
are periodic phreatomagmatic explosions and surges of dome material.
The volcano has been faulted and occasionally the dome complex partially 
collapses. If this occurs during dome extrusion, block and ash flows are produced. If it 
occurs when growth has ceased and the rock is cold small avalanches are produced. 
This style of activity at the volcano has resulted in the present fragmentary nature of the 
domes and lava flows at the summit of the volcano and complicated stratigraphy of 
pyroclastics covering the surrounding countryside.
CHAPTER 2.
PETROLOGY AND MAGMA CHAMBER DYNAMICS 
INTRODUCTION
Cerro Bravo has had a complex history of volcanic activity. To better 
understand the activity it is necessary to understand the controls, such as magma 
chamber conditions and the subvolcanic magma supply system. Experimental work on 
phase stability and magma chamber processes enable the determination of conditions 
and behavior within the magma chamber using petrographic observations and whole 
rock chemistry. Theoretical modeling based on compositional trends and output rates 
permits insights into the larger scale system under the volcano. Detailed stratigraphy 
and petrography of deposits help explain variations in behavior and composition of the 
volcano and its products. Combining these steps, it was possible to develop an overall 
model for the volcanic system to explain its past behavior and potentially forecast its 
future behavior.
PAST ACTIVITY
The deposits and field geology of Cerro Bravo were studied in detail, allowing 
the interpretation of the past history of activity at the volcano and the determination of 
many of the actual eruption parameters (see Chapter 1). Activity at the volcano has been 
divided into epochs and episodes, where epochs include one or more episodes of 
activity and are separated by a period of repose of one thousand years or more. 
Individual episodes of activity are separated by several hundred years of repose. 
Activity during an episode is divided into two phases, an initial explosive phase and a 
concluding effusive phase. The explosive phase includes one or more plinian 
eruptions, punctuated by pumice flows, surges, and subplinian events. With the 
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cessation of explosive activity, a lava dome complex is extruded at the top of the 
volcano. Frequently the domes become unstable and partially collapse, forming block 
and ash flows or avalanches. With the end of lava extrusion, the volcano goes into 
quiescence. The variety of eruptive processes and the large number of events during a 
given episode of activity has resulted in a complex stratigraphy of pyroclastic and 
effusive products.
HAND SAMPLES
Samples of pumice and lava were collected in the field for the purpose of 
petrographic and chemical analysis. These samples include representatives from the 
complete range of stratigraphic units and deposit types, including: tephra deposits, 
pumice flow deposits, surge deposits, block and ash flow deposits, and lava flows. 
Surprisingly, the samples from this wide variety of deposits are all grossly very similar 
in appearance barring the obvious difference of pumice versus lava.
Pumice
Cerro Bravo pumice clasts are very distinctive, due to their white glass (older 
pumice tends to be yellow-white due to alteration) and their fine (few vesicles over 3 
mm in diameter), but abundant, vesiculation (see Fig. 49). The pumices are porphyritic 
with euhedral-subhedral phenocrysts of plagioclase, hornblende, and pyroxene. 
Plagioclase is the most abundant phase. It has a blocky-lath shaped morphology and 
the largest phenocryst size, up to 5 mm. Hornblende occurs in black laths up to 3 mm 
in length. The small (up to 3 mm in length), green prisms of pyroxene are much less 
common. Occasionally, euhedral books of bronze biotite or glomerocrysts of dark 
mafic minerals are found in the samples.
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Figure 49. Cerro Bravo pumice. The darker samples are uncommonly found, mixed with
the prevalent white pumice.
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Pumice clasts from individual episodes lack distinctive characteristics that would 
enable the differentiation of unconstrained samples into the sequence of episodes.
Within episodes however, there are occasional variations of pumice type. Samples have 
been found that have mixing of different color glass from light gray to white. The rare 
gray glass appears as small swirls, bands, or blebs that have no obvious change in 
mineralogy and are not visible in thin section. Examples of this mixing appear scattered 
through the stratigraphic section. The most noticeable example of mixing of colored 
glass is found in a CB1 pumice flow deposit (sample # 166-DL) which contains pumice 
clasts ranging from dark brown to white in color. Pumices from the CB3 block and ash 
flow deposits (sample # 019P-DL) are entirely composed of light gray glass, but 
contain the same mineral assemblage as samples from other deposits.
Another characteristic that varies in pumice is the clast density. The least dense 
pumice clasts are relatively crystal poor, while the most dense are relatively crystal rich. 
Examples of the low density pumices are found in the fines-depleted lenses of the large 
CB3 pumice flow deposit (sample # 136-DL) and overlying dune-bedded surge 
deposits (sample # 067-DL) and the CB6 tephra deposits (samples # 054-DL, 079-DL, 
152-DL, 157-DL, and 158-DL). Examples of the higher density pumices are found in 
the CB IB tephra deposit (sample # 081-DL) and the lowermost CB3 pumice flow 
deposit (sample # 155-DL). The dense pumices have a stony appearance.
Lava
The lava samples are all very similar in appearance, medium to light gray 
porphyry of large white plagioclase phenocrysts and smaller euhedral-subhedral laths of 
shiny-black hornblende (see Fig. 50). Pyroxene phenocrysts also occur, but are less 
common and due to their black-green color and lath morphology, they are hard to 
distinguish from hornblende. Occasionally samples contain a few near circular black-
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Figure 50. Cerro Bravo lava samples, (a) typical young lava, (b) pre-caldera lava.
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bronze biotite flakes. Glomerocrysts of mafic minerals are common. Better vesiculated 
samples, collected from near flow margins, show evidence of slight color banding in 
the glass and a preferential alignment of crystals.
Old Cerro Bravo Lavas
The lava from the pre-caldera volcano (sample # 004-DL) is also a light gray 
porphyritic rock with plagioclase, hornblende, and pyroxene (see Fig. 50). However, 
the phenocrysts are noticeably smaller and less abundant than in the younger rocks. 
The white plagioclase crystals are anhedral-subhedral, showing poorer crystal form. 
Hornblende is much less common and appears dull-black in color. The one phase that 
is more common in these rocks is pyroxene which is found in clumps of small green 
crystals that have been preferentially altered. No biotite was identified in any of the 
hand samples.
PETROGRAPHY
As suggested by the similarities observed in hand samples, the Cerro 
Bravo products are very similar in mineralogy and appearance (see Fig. 51). 
There were no trends or distinctions that would make it possible to distinguish 
between the different episodes of activity or to place samples within a relative 
time stratigraphy. The small differences that exist tend to be related to the style of 
eruption: plinian, pyroclastic flow, dome/lava extrusion, or block and ash-flow.
All samples contain phenocrysts of plagioclase, hornblende (common or 
oxyhornblende), orthopyroxene, and titanomagnetite (listed in order of 
abundance and phenocryst size). Phenocrysts of augite and/or biotite are found 
in some of the samples and often show signs of alteration. Average percentages 
of the phases (determined by visual estimation) are roughly: plagioclase 65%, 
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hornblende 25%, orthopyroxene 5%, titanomagnetite 4%, augite 1%, and biotite 
<1%. The morphologies of both plagioclase and hornblende differ (the 
phenocrysts contain numerous inclusions) in samples containing relatively large 
quantities of augite.
Samples from the wall of the Quebrada Seca Caldera (sample # 004-DL) 
differ mineralogically, having reversed dominance of the hornblende and augite 
phases and greater quantities of microlites in the groundmass (see Fig. 51). Only 
one other sample, a lava from near Puerto Brasil (sample # 020-DL), has the 
same mineralogy. All of the products of Cerro Bravo that clearly post-date the 
caldera formation have the mineralogy described in the preceding paragraph. The 
indurated block and ash flow deposits which are poorly constrained within the 
stratigraphy (see Chapter 1) have mineralogy matching the younger post-caldera 
Cerro Bravo samples.
Glass and Vesiculation
Pumice samples from Cerro Bravo are well vesiculated; vesicles make up 
roughly 45 % of the sample volume (from visual estimation) in most samples. The size 
and shape of these vesicles varies from deposit to deposit and often between samples 
collected from within the same deposit. Vesicles have a preferential size of O.5-O.2 
mm, but occasionally reach diameters of larger than 4 mm and contain fragments of 
large phenocrysts. Shapes vary from near spherical (most common) to elongate, 
bending, tubes which are preferentially aligned. The shape and size of the vesicles 
affects the appearance of the pumice glass. Most glass appears clear and fresh in plain 
light and occurs in networks of small spheres and blebs or fine lacy strings. The lacy- 
textured glass occurs in pumices with elongate vesicles and the glass often appears to 
effervesce off of the crystals, especially plagioclase phenocrysts. The networks of
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Figure 51. Photomicrographs of characteristic Cerro Bravo samples.
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Figure 51 (cont.). Photomicrographs of characteristic Cerro Bravo samples.
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Figure 51 (cont.). Photomicrographs of characteristic Cerro Bravo samples.
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glass blebs separate spherical vesicles. Occasionally the glass appears cloudy due to the 
presence of either very fine vesicles or small microlites in the ground mass.
The Cerro Bravo lavas also have glass, though with a cloudy appearance due to
fine microlites. The concentration of microlites varies from lava flow to lava flow, as 
does the degree of microlite alignment. Vesiculation of lavas varies as a function of 
sample location within a flow. Samples from near the margins of flows tend to be more 
highly vesiculated than samples from the center of the flow. Phenocryst concentrations 
in lava samples average between 30 and 35 volume percent (by visual estimation) while 
phenocryst concentrations in pumice average between 25 and 30 volume percent. It 
was not possible to do any detailed quantitative studies of vesiculation or phenocryst 
content due to the difficulty in impregnating and determining percents in vesiculated 
rocks.
Plagioclase
Plagioclase is the largest and most abundant phenocryst phase. The
majority of the crystals are euhedral-subhedral blocky laths with varying degrees
of oscillatory zonation and Carlsbad and albite twinning (rarely pericline 
twinning) (see Fig. 51). Plagioclase crystals range in size from 4 mm in length 
down to fine microlites which are found in the lavas and a few of the pumices. 
Many of the phenocrysts found in pumice clasts, the largest in particular, tend to 
be fragmented and angular.
Two populations of plagioclase can be distinguished by the presence or 
absence of large concentrations of inclusions (see Fig. 51). Plagioclase crystals 
that contain few or no inclusions are found in all of the products of Cerro Bravo 
and are by far the most common variety. Using the Carlsbad-albite twin 
technique it was determined that unzoned crystals have compositions of • An44
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and zoned crystals have core compositions of <= An48 and rim compositions of = 
An41. The second population of plagioclase is found almost exclusively in 
samples that contain significant quantities of augite. These plagioclases have rims 
that are rounded and corroded in appearance and large concentrations of 
inclusions that form bands in the cores and/or around the rims of the crystals.
Hornblende
Hornblende is the second important mineral phase. It is found in all of 
the Cerro Bravo samples, as phenocrysts of either common hornblende in 
pumices or oxyhornblende in lavas. The crystals appear as subhedral-euhedral 
laths and in most samples have unaltered rims (see Fig. 51). In a few samples, 
however, the hornblendes have thin alteration rims composed of fine pyroxene 
microlites. Hornblende phenocrysts range in size up to 3.5 mm in length and are 
occasionally twinned. Hornblende also occurs in samples as an alteration product 
of augite and biotite (see Fig. 51). The hornblende alteration product in these 
cases has the same pleochroic colors and general appearance as the hornblende 
phenocrysts.
Hornblende phenocrysts in pumices are pleochroic in greens (x < z < y, 
where x = pale yellow to light tan green, y = brownish olive-green to brown, and 
z = medium olive-green), often fragmented, and their size seems to have a 
positive correlation with total crystal content. In the lavas, the oxyhornblende 
crystals are pleochroic in browns (x < z = y, where x = pale yellow, y = medium 
brown, and z = medium brown) and range down to groundmass microlites in 
size. The oxyhornblendes in the dome from the end of the CB1 episode (sample 
# 007-DL) have unusual pleochroic colors (x < z « y, where x = yellow-brown, 
y = medium orange-brown, and z = medium orange-brown). In two of the other 
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lavas sampled, the oxyhornblende has been largely replaced by fine oxides 
leaving only a core of oxyhornblende. It was noted that in these samples there 
was also a larger quantity of microlites in the groundmass. Common hornblende 
and oxyhornblende do not occur in the same samples. The only exception to this 
rule are two eroded grains of oxyhornblende found within blebs of altered glass 
in one of the block and ash flow deposit pumices (sample #002P-DL). The 
pumice in the indurated block and ash flow deposits (sample #O32-DL) are the 
only other pumices that contain oxyhornblende. In this case, the pumices are an 
intrinsic part of the rock and the oxyhornblendes within the pumices appear 
identical to the oxyhornblendes within the lava clasts and the free crystals in the 
matrix.
Similar to plagioclase, the presence or absence of inclusions is a 
distinctive feature in the hornblende morphology. The hornblende phenocrysts in 
samples with relatively large quantities of augite tend to have numerous bleb 
shaped inclusions of plagioclase and titanomagnetite. In samples that do not 
contain significant quantities of augite, there are no inclusions in the hornblende 
phenocrysts.
Orthopyroxene
Orthopyroxene is also found in all Cerro Bravo samples. The 
phenocrysts are euhedral-subhedral elongate laths with good cleavage (see Fig. 
51). They are invariably unaltered and tend to be much smaller (up to 1.25 mm 
in length) in size than the other phases. Faint pleochroism (x = light yellow-pink, 
y = light yellow, and z = pale blue-green) suggests a hypersthene composition. 
This is supported by biaxial negative optical figures with 2V angles of 60° (Deer 
et al., 1966). Orthopyroxene is frequently found as an alteration product of 
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augite, but always associated with plagioclase and hornblende. No distinctions 
were found in orthopyroxene phenocryst morphologies, related or unrelated to 
augite abundance. In general, orthopyroxene appears to be a constant and 
unvarying member of the phase assemblage.
Titanomagnetite
Titanomagnetite is found in small quantities, roughly subequal to 
orthopyroxene, in all Cerro Bravo samples. It usually appears as small, equant, 
subhedral phenocrysts, up to 0.3 mm in diameter (see Fig. 51). Clumps of small 
crystals are sometimes found in samples with significant quantities of augite. 
Titanomagnetite also appears as an alteration product and as inclusions in certain 
mineral phases. As already noted, it is sometimes found as inclusions within 
hornblende phenocrysts, it also found as fine inclusions along cleavages within 
biotite crystals. Titanomagnetite appears as an alteration product of augite and 
biotite, associated with hornblende and plagioclase.
Augite
Augite is a common phenocryst in Cerro Bravo products; it is found in at 
least trace quantities in almost all samples. The crystals are non-pleochroic, 
poorly cleaved, and highly birefringent, most likely augite in composition. Most 
often the crystals are rounded blocky laths with thin (0.03 mm) rims of 
hornblende and no larger than 0.5 mm in length (see Fig. 51).
Xenoliths are common in Cerro Bravo samples, especially in samples 
with greater quantities of phenocrystic augite. The crystals within the xenoliths 
are identical in appearance to those found in the matrix and are probably cognate 
in origin. In some cases, however, the alteration associated with augite found in 
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xenoliths is more developed than that in phenocrystic augite. These highly altered 
crystals have coronas (0.13 mm thick on average) of titanomagnetite, hornblende, 
plagioclase, and orthopyroxene. The relative concentrations of these phases 
varies. Occasionally the centers of the augite crystals have been completely 
replaced by fine-grained titanomagnetite, leaving only a band of augite with a 
surrounding reaction corona.
As already mentioned, both plagioclase and hornblende have distinctive 
morphologies in samples that contain significant quantities of augite. These 
samples include the lavas, the pumices from block and ash flow deposits, and a 
few pumices from other pyroclastic deposits. In these samples, the augite are 
often unaltered and tend to be larger (up to 1.75 mm in length). Crystals are 
sometimes found in clumps with single crystal morphologies that suggest 
alteration of large phenocrysts. Samples with unaltered phenocrysts of augite 
usually also contain a few augite crystals with alteration rims.
Biotite
Biotite is the rarest phenocryst phase found in Cerro Bravo products. It is 
seldom found in thin section, but is more readily found in hand samples as 
distinctive books about 2 mm in diameter. The crystals are usually almost 
entirely replaced by hornblende or have coronas (0.13 mm thick on average) of 
hornblende, titanomagnetite, and plagioclase, and have inclusions of rutile? along 
cleavage (see Fig. 51). In these cases, the crystals are eroded and anhedral or 
forming with amphibole cleavage. Only rarely are the biotites unaltered. These 
biotites are euhedral crystals, pleochroic in brown (y = z > x, where x = light 
yellow, and y and z = medium yellow-brown to medium reddish-brown). Biotite 
is least common in lavas and most common in pumices, including those from 
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block and ash flow deposits. Unaltered biotite was found exclusively in pumice 
samples low in augite.
Other Phases
Traces were found of rutile, zircon, and apatite. The rutile appear as fine 
microlites, often found in clumps, and within biotite crystals. Both zircon and 
apatite are rare, found both as inclusions and in the matrix. The majority of the 
identified zircon and apatite were associated with xenoliths. No other phases 
were identified, in particular no quartz or sphene. The few brownish bleb-shaped 
inclusions in plagioclase that were noted are probably melt inclusions. Hematite 
was occasionally found replacing titanomagnetite or in veins through the rock, 
but is not common in the samples studied, probably due to a sampling bias 
against altered rocks. An unidentified rusty-red brown phase was also noted in 
some samples. This phase was not identified but probably is some form of 
secondary oxidation of the sample.
Old Cerro Bravo Lavas
The lava found in the Quebrada Seca Caldera wall (sample # 004-DL) is the only 
identified example of Cerro Bravo material from the pre-caldera volcano. It and a lava 
flow from near Puerto Brasil (sample # 020-DL) differ mineralogically from the 
younger Cerro Bravo products. While plagioclase is still the dominant phenocryst, 
augite is the second most abundant phenocryst in these rocks. The augite is similar in 
appearance to those described in the younger rocks but it is much more abundant and 
often occurs in cognate glomerocrysts (see Fig. 52). None of the augite phenocrysts 
are altered. Hornblende is also present, but in much smaller quantities. The 
amphiboles are almost completely replaced by fine oxides, but are easily identified by
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Figure 52. Photomicrograph of pre-caldera lava.
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their subhedral to euhedral crystal form. The few small cores that remain are brown 
pleochroic oxyhornblende as expected. Plagioclase phenocrysts are euhedral and have 
oscillatory zoning and both Carlsbad and albite twins. A smaller percentage have bands 
or cores riddled with tiny inclusions. Orthopyroxene and titanomagnetite both occur 
and appear very similar to those found in the younger samples. A single biotite grain, 
(found in sample # 004-DL), was highly eroded and replaced by fine oxides and 
numerous rutile? inclusions along cleavage. The overall appearance of the samples is 
much different than that of the younger ones due to the abundance of augite and the 
abundant microlites of plagioclase that make up almost the entire groundmass.
GEOCHEMISTRY
Analytical Methods
Whole rock major and trace element compositions were determined for a suite of 
samples selected to represent the different stratigraphic units and the variety of volcanic 
deposits. Analyses were performed at Tulane University using a Siemens SRS 200 X- 
ray fluorescence spectrometer with Cr and Mo anode X-ray tubes. Calibration 
procedures are described in Nelson and Livieres (1986) and the analytical precision is 
reported in Table 6. Two batches of analyses were obtained, with a combined total of 
70 samples. The first batch was analyzed using a set of 12 andesite standards and after 
the high SiC>2 content was determined, the second batch was analyzed with a set of 12 
dacite standards. The use of two different sets of standards resulted in the creation of 
two groups with a small, but distinct analytical bias (see Fig. 53). To correct for these 
biases, Harker diagrams of the normalized anhydrous compositions were used to 
construct best fit lines for the data. Compositions of the first batch of samples were 
modified by the simple algebraic functions that most closely matched the best fit lines of
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Figure 53. Plot showing analytical bias and correction 
for whole rock compositions.
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the two groups (see Fig. 53). Representative compositions for the samples are listed in 
Table 6. Harker diagrams of the corrected data are shown in Fig. 54.
Major Elements
The Cerro Bravo products analyzed form a sequence of calc-alkaline, medium- 
K, acid andesites and dacites (following the designations of Gill, 1981), with SiC>2 
contents which range from 59.2 to 67.5 weight percent. Major elements vary linearly 
with Si(Z>2 as seen in Harker diagrams (see Fig. 54). Concentrations of the mafic oxides 
FeO*, MgO, MnO vary inversely with SiC>2 as does TiC>2. Both FeO* and TiC>2 show 
signs of depletion in the lava samples analyzed (see Fig. 55). Samples of CB1 deposits 
have noticeably higher TiC>2 concentrations than other Cerro Bravo samples. CaO and 
AI2O3 also decrease with increasing SiC>2- The relationship between AI2O3 and SiC>2 is 
less strong than the other oxides, probably due to plagioclase accumulation (Gill, 
1981).
Concentrations of K2O vary from 1.33 to 2.30 weight percent and have a strong 
positive relationship with SiO2- The remaining two oxides, Na2O and P2O5, do not 
correlate with changing SiC>2- Although P2O5 appears to decrease slightly with 
increasing SiC>2, this is largely due to an apparent spread in the mafic compositions 
caused by P2O5 enrichment in the CB1 samples analzed.
Silica concentrations vary up to 6.6 percent within individual episodes and 
overlap considerably between different episodes. Although several episodes ejected 
magma of slightly more mafic or more felsic compositions (see Fig.56), there have been 
no consistent trends of changing magma compositions with time. The pre-caldera lava 
(sample # 004-DL) has a silica content of 63.4 weight percent and fits within the ranges 
of the younger Cerro Bravo products for all of the other major elements.
Tabic 6. Selected Cerro Bravo sample whole rock, major and trace element compositions.
Sample # 166-DL "WbL "W 082-bL 005L-DL 005P-DL 076-bL 158-bL '162-bL "OW-bL 0O4-DL
Site 46 9 4 4 55 55 4 76 76 33 49
Type Pf plin plin plin baflith baf pum plin pl in plin baflith lava
Unit CB1 mix CB1.1 CB3/2.2 CB4/2 CB5 CB5 CB5/2 CB6/2 CB7/6.2 La Plata pre-cald
Batch 2 2 2 2 2 2 2 2 2 2 2
SiOj 61.2 65.1 "64.4 65.3 60.5 63.1 64.1 67.3 59.9 63.0 65.4
TiO2 0.93 0.45 0.56 0.51 0.86 0.75 0.58 0.43 0.72 0.59 0.59
AI2O3 16.6 15.8 15.8 16.5 17.6 16.0 16.2 15.4 17.9 16.7 16.5
FcO 5.31 3.42 4.18 3.81 4.86 4.60 4.39 2.84 5.11 4.19 4.86
MnO 0.11 0.08 0.09 0.09 0.10 0.10 0.10 0.06 0.10 0.09 0.10
MgO 2.4 1.6 1.9 1.7 2.5 2.2 2.0 1.2 2.6 2.1 2.3
CaO 5.97 4.36 4.70 4.47 6.38 5.28 4.84 3.43 5.73 5.55 5.83
Na2O 4.4 4.2 4.2 4.2 4.6 4.1 4.0 4.3 3.7 4.4 3.9
K2O 1.67 1.94 1.81 1.89 1.53 1.86 1.86 1.99 1.33 1.66 1.53
P2O5 0.32 0.16 0.19 0.22 0.28 0.27 0.21 0.17 0.21 0.22 0.20
Total 99.0 97.1 97.8 98.7 99.2 98.2 98.3 97.2 97.3 98.5 99.1
Rb 34 45 42 44 35 39 43 52 29 40 30
Sr 651 590 580 561 658 619 555 557 650 587 574
Y 17 14 13 14 16 16 15 10 15 15 19
Zr 178 152 148 150 175 169 154 160 151 150 133
Nb 15 15 15 15 15 16 15 16 15 15 15
Ba 925 1151 1107 1064 880 1040 1043 1160 818 975 948
La 23 <8 <8 9 23 21 9 <8 9 12 12
Cu 29 10 21 12 17 20 15 <8 19 21 40
Ni 20 <8 17 10 12 13 16 <8 11 28 15
Zn 88 61 73 67 77 74 69 64 79 61 62
Cr 55 40 60 57 59 59 82 40 31 119 119








Figure 54. Whole rock, major and trace element variation












Figure 54 (cont.). Whole rock, major and trace element






















Figure 54 (cont.). Whole rock, major and trace element 
variation diagrams for Cerro Bravo samples.
120











SiC^ in wt %
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Figure 54 (cont.). Whole rock, major and trace element 
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Figure 54 (cont.). Whole rock, major and trace element


















Figure 55. FeO* and TiO2variation diagrams showing contrasts 
















The trace elements vary less regularly with SiC>2 than the major elements. V, 
Cu, and Zn have fairly strong negative correlations and Ni and Cr have less strong 
negative correlations with SiC>2. Y, Nb, Sr, and La show little or no correlation with 
silica. Both Ba and Rb behave incompatibly and have strong positive correlations with 
SiC>2- Zr has a weak positive correlation with SiC>2. The more mafic samples have a 
wider range in trace element compositions. In particular, V, Cr, Ni, La, and Zr have a 
relatively narrow range of concentrations at high SiC>2 and a wide range at low SiC>2. 
The low SiC>2 samples form crude groupings that are episode specific, with the 
distinguishable groups belonging to the CB7, CB1, and CB3 episodes. These 
groupings are more distinct in plots of Zr versus the incompatible elements (see Fig. 
57). The relatively high concentration of Zr in the CB1 samples may be related to the 
high TiC>2 concentrations also observed in those samples.
The pre-caldera lava sample can be distinguished using a number of trace 
elements. Concentrations of Cu and Ni (and less so Cr and Y) in this sample are 
noticeably higher than those found in other samples. It is notable that V, which also 
behaves as a compatible element in these samples, is found in lower concentrations in 
the pre-caldera lava than in the post-caldera products. Concentrations of Rb and Zr are 
lower in the pre-caldera lava than in other samples while the concentration of Ba is the 
same.
Fractionation Modelling
A simple least-squares fractionation model was constructed to evaluate the Cerro 
Bravo sample compositions (see Table 7). It was seen that fractionation of = 32 % of 
the melt, in the proportions: plagioclase ~ 60 %, hornblende ~ 30 %, titanomagnetite ~ 
5 %, biotite ~ 3%, and orthopyroxene, augite, and apatite < 1 %, would explain the
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Figure 57. Variation diagrams showing Zr versus 
selected incompatible elements.
Table 7. Summary of major element modeling.
Amount % of xl SiOz “W AlzOs Fed* MgO CaO Na2O Total
018-DL 62.30 0.71 17.80 4.98 2.50 5.75 4.00 1.62 99.99
Plag 0.1970 60.88 56.00 0.00 27.70 0.30 0.10 9.70 5.50 0.20 99.50
Hbl 0.0950 29.36 42.10 2.30 11.60 12.70 14.80 10.60 2.50 0.40 97.00
OPX 0.0018 0.56 52.80 0.10 0.80 19.10 25.30 0.80 0.40 0.00 100.70
CPX 0.0010 0.31 50.90 0.20 1.60 9.20 15.10 19.40 0.60 0.00 97.50
TiMag 0.0160 4.94 0.70 7.70 2.80 81.40 1.80 0.20 0.10 0.00 95.10
Bio 0.0100 3.09 39.42 3.35 13.75 13.92 15.65 0.00 1.06 8.40 92.20
Ap 0.0028 0.87 0.00 0.00 0.00 0.21 0.54 52.40 0.00 0.00 95.65
L 46.72 0.33 11.06 2.23 0.83 2.66 2.67 1.46 68.15
0.6764 100.00
model 68.55 0.49 16.22 3.27 1.21 3.91 3.91 2.14 100.00
ave. 088-DL & 060-DL 68.57 0.42 16.04 3.26 1.20 3.79 4.31 2.16 100.00
(Mineral compositions from Santiaguito - Rose, 1987; and Clinker Peak - Green, 1982)
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observed range in compositions. This model is supported by trace element 
compositional trends. The amount of fractionation required to produce the observed 
enrichments of K, Ba, and Rb (assuming perfect incompatibility) is 28.6 %, 29.2 % 
and 36.4 %, respectively. These values agree well with the 32 % fractionation 
suggested by the least-squares model.
Since both Sr and Y have bulk-distribution coefficients of 1, it is possible to 
estimate the concentrations of plagioclase and hornblende that has been fractionated out, 
by using the appropriate partition coefficients. A range of partition coefficients have 
been reported for Sr in plagioclase, from 1.3-2.9 in andesites and basalts to 2.8 in 
dacites (Arth, 1976). To maintain a distribution coefficient of 1, while fractionating out 
a mixture with 60 % plagioclase would require a partition coefficient of 1.7 for Sr in 
plagioclase. This value is near one end of the reported range and is reasonable for Sr 
partition coefficients. Using a partition coefficient of 2.5 for Y in hornblende (Pearce 
and Norry, 1979) and a bulk distribution coefficient of 1 suggests a concentration of 38 
% hornblende in the material removed by fractionation. This is slightly higher than the 
30 % hornblende in the least-squares model.
Stratigraphic Relationships
Whole rock chemistry of Cerro Bravo products has changed little over the time 
span studied. Each episode contains products with a wide range of silica contents (up 
to 6.6 weight percent SiC>2) which overlaps with the silica contents of the other 
episodes. As seen in Fig. 58, the concentration of SiC>2 may increase and decrease 
several times within a given episode. It is this fluctuation in magma composition that 
results in the wide ranges of silica.
A crude correlation exists between eruption style, composition, and the presence 
of augite. Pumice erupted during the explosive phases of activity has a wide range of
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Eruptive Chemistry
Figure 58. Plot of variation of SiC^ with stratigraphy.
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silica contents. The most silicic of these samples (66.0-67.5 wt. % SiC>2) tend to be 
less dense, have smaller crystals and occasionally stable biotite. The most mafic (59.2- 
63.6 wt. % SiC>2) tend to be more dense, have plagioclase microlites, and high 
concentrations of augite. These tendancies do not accurately describe all of the samples, 
but do characterize the majority. Lava samples are mafic (60.5-63.8 wt. % SiC>2) and 
contain large quantities of augites. Pumices from block and ash flows, are more silicic 




Magma chamber conditions can be estimated using observed mineral 
assemblages and their phase stability relationships. Mineral phase stability is highly 
dependent on the temperature, pressure, and water content of the magma (see Fig. 59). 
While the liquidus temperatures of anhydrous phases are depressed significantly with 
increasing water content, liquidus temperatures for the hydrous phases remain 
unchanged. This results in a liquidus cross-over at high water contents. It is possible 
to constrain the maximum temperature of the magma at the highest temperature at which 
the lowest temperature phase is stable. For most conditions, hornblende is the limiting 
(lowest temperature) phase, implying a maximum temperature of between 975° (Ritchey 
and Eggler, 1978) and 925°C (Merzbacher and Eggler, 1984). Plagioclase becomes the 
limiting phase at high water contents and can have a liquidus temperature of from 925° 
to 85O°C depending on the pressure (Robertson and Wyllie, 1971; Merzbacher and 
Eggler, 1984). Samples that contain stable biotite phenocrysts have maximum 
temperatures between 900° and 850°C (Robertson and Wyllie, 1971).
Experimentally Determined Phase Relations for Calc-Alkaline Rocks
600 800 1000 1200 600 800 1000 1200 600 800 1000 1200 600 800 1000 1200 
Temperature °C
Figure 59. Phase stability diagrams (modified from
Robertson and Wyllie, 1971; Eggler, 1972)
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Experimentally Determined Phase Relations for Mount St. Helens Dacite
01 201 23 01234501234567
H2O in wt %
Figure 59 (cont.). Phase stability diagrams (from Merzbacher and Eggler, 1984).
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It is more difficult to constrain the pressure and water contents of the magma 
chamber. Samples that contain biotite, but not quartz, are from pressures greater than 1 
(excess water in magma) to 2 Kbars (=1.5 wt. % H2O in magma; Robertson and 
Wyllie, 1971). The plagioclase-biotite liquidus cross-over constrains the upper 
pressure limit to 5 Kbars in excess water conditions; the cross-over does not occur at 
lower water pressures (Robertson and Wyllie, 1971). In a magma chamber at between 
1 and 4 Kbars pressure, amphibole stability precludes water contents below 2 wt. %. 
This minimum water content increases at greater pressure levels.
Studies of systems with phenocrystic hornblende and compositions similar to 
Cerro Bravo can be used for comparison. Magma chamber conditions at Mount St. 
Helens, prior to the May 18, 1980 eruption, are believed to be 900-940°C, 4-4.6 wt. % 
H2O, and 1.1 to 2.2 Kbar pressure (Merzbacher and Eggler, 1984; Rutherford et al., 
1985). Ritchey and Eggler (1978) experimentally determined magma chamber 
conditions for Mount Mazama (Crater Lake, OR) just prior to caldera forming eruption, 
at 975°C, 4.2 wt % H2O, and 2 Kbar pressure. Mount Price, a volcano in British 
Columbia near Garibaldi, which contains biotite as well as hornblende, was estimated to 
have had magma chamber conditions of 810-860°C, greater than 3 wt. % H2O, and less 
than 4 Kbars pressure (Green, 1982). Conditions for all three volcanoes fit within 
those determined for Cerro Bravo. Modal percentages of hydrous mineral phases in 
Cerro Bravo samples are much higher than samples from Mount St. Helens, Mount 
Mazama, or Mount Price. This is possibly due to compositional differences or more 
likely due to higher water contents than in the other three systems.
A Stratified Magma Chamber
Petrography of the Cerro Bravo products has identified three zones within the
magma chamber: a zone where augite is in equilibrium, a zone where biotite is in 
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equilibrium, and an intermediate zone in which both phases are reacting with the magma 
to form hornblende. These different zones can be explained by fractionation and 
cooling within the magma chamber (see Fig. 60). As the magma cooled below the 
liquidus, it produced crystals of plagioclase, augite, and orthopyroxene. Hornblende 
was probably a sub-liquidus phase, its stability field approaches the liquidus only at 
very high water contents (Robertson and Wyllie, 1971; Mertzbacher and Eggler, 1984) 
Although the crystals are large and euhedral, this is occasionally the case for sub- 
liquidus hornblende (Ritchey and Eggler, 1978). The abundance of hornblende and the 
relative scarcity of augite and orthopyroxene suggests that there were fairly high water 
contents, 4-5 wt. %, and hornblende stability was near the liquidus.
Titanomagnetite is another probable sub-liquidus phase. The oxide minerals 
characteristically have lower temperature stability fields, which increase with increasing 
fO2. Experiments with dacite (and andesite) compositions result in conflicting stability 
fields (Ritchie and Eggler, 1978; Merzbacher and Eggler, 1984; Rutherford et al„ 
1985). The presence of titanomagnetite in all of the samples however, requires stability 
similar to hornblende.
As the magma continued to cool, the crystallization of the various mineral 
phases caused an increase in water content. At some point, probably due to a 
combination of decreasing temperature and increasing water, augite became unstable 
and started reacting with the magma to form hornblende. The magma continued to cool 
and get wetter, reaching biotite stability conditions. There are no samples in which 
there are large quantities of biotite. This would suggest that the magma has never 
progressed far into the biotite stability field.
Most often, the biotite found at Cerro Bravo has been back-reacted to form 
hornblende, thus implying an increase in temperature. The increase in temperature is 








Figure 60. Probable cooling path for Cerro Bravo magmas 
(modified from Robertson & Wyllie, 1971; Merzbacher & 
Eggler, 1984).
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Experimental work by McBimey (1980) and McBimey et al. (1985) shows that 
compositional density differences in evolved magmas excede temperature density 
differences resulting in upward movement of magma along the chilled margins of the 
chamber. Convection, driven by the movement of material along the cooler margins of 
a stratified magma chamber, could result in the transportation of biotite to warmer zones 
without significantly changing the composition (see Fig. 61). This argument has been 
used by Green (1982) to explain the similar existence of biotite that has back-reacted to 
hornblende at Mount Price.
The pre-caldera lava has a different petrographic appearance than the more recent 
Cerro Bravo products. The lava has stable augite and hornblende?, but in much 
different proportions than other sample. The abundance of augite suggests that the 
magma was drier and maybe slightly hotter. Is it possible that an increase in the water 
content of the magma and the increased volatiles and viscosity in a shallow chamber 
triggered a caldera forming eruption? Is the chamber now deeper? It is difficult to 
formulate ideas for the older behavior with so little information. It is completely 
possible that the systems are not closely related, due to massive changes caused by 
caldera formation.
Compositional variations
Samples from individual stratigraphic units show compositional variations of up 
to 6.6 wt. % SiC>2- The complexity of the fluctuations argues that the deposits represent 
more than a view of successive layers within the magma chamber, caused by the 
continuous ejection of deeper material from the magma chamber. As noted, rough 
correlations appear to exist between eruption style, pumice type, and augite content. 
These correlations tend to support compositional mixing within the magma chamber or 
conduit as the source of the variations. Crystal sorting, although a possible contributor,
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Model of
Cerro Bravo Magma Chamber
Figure 61. Model of Cerro Bravo zoned magma chamber.
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is not a viable source for the variations observed. Crude least-squares modeling 
indicates that it would require the removal of greater than 30 % of the melt in the form 
of crystals to cause a variation of 6 wt. % SiC>2. Such petrographic variations were not 
seen.
Mixing within the magma chamber is indicated by biotite back-reaction. Magma 
from the biotite zone is mixed with magmas from the hornblende and augite zones. Due 
to the viscosity of the magma, mixing might not be complete and result in pockets of 
compositionally different magma in close spatial association. This process of mixing 
might also occur during upward movement of the magma. Hornblende stability in the 
eruption products indicates that the magma did not reequilibrate between upward 
migration and eruption (a few samples with fine orthopyroxene rims indicate occasional 
partial re-equilibration). Therefore, the magma did not have time to restratify prior to 
eruption.
Pockets of viscous, compositionally different magma would also have different 
volatile contents. The more evolved pockets would tend to be more explosive and also 
have finer and fewer crystals. Less-evolved pockets would be less explosive, with 
larger crystals, and more augite. This could explain why Cerro Bravo tends to have 
many pulses of explosive and less explosive activity during episodes. Eventually, the 
overall volatile pressure would decrease to the level at which pyroclastic eruptions no 
longer occur and lava is extruded.
Volume of Magma Chamber
Although the magma has erupted compositionally variable material within each 
episode of activity, there has been no apparent systematic evolution of the magma 
chamber over time. The lack of evolution suggests that the magma chamber has been 
continuously supplied with new material. O'Hara and Mathews (1981) show that it is 
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possible to maintain a constant magma composition over time by resupplying the 
chamber at the same rate as material is removed. An artifact of this process is an 
increase in incompatible elements with time.
The products of the last eight episodes of activity (CB9 to CB1) show no sign 
of such an increase of incompatible elements. However, the pre-caldera lava shows 
notable increases in incompatible elements and decreases in certain compatible elements 
(Ni in particular). These changes suggest that the magma chamber is sufficiently large 
to buffer the composition enough that changes are not visible over a 6000 year period.
Volumes of erupted material were calculated for the tephra deposits from 
episodes CB9 through CB1 (see Table 1), the total for this period is 2.2 km3. These 
volumes do not include material deposited by pyroclastic flows or lava flows. It could 
be argued that the entire volume of the present volcano should be included to obtain a 
total of the volume of material erupted; however, it is not clear that all of the lava flows 
were erupted during episodes CB9 through CB1 and, in fact, it is very unlikely. The 
pyroclastic flow deposits are relatively small and not volumetrically significant. Lava 
flows and domes that make up the top portion of the volcano represent roughly 1 km3 
of material. The total volume of material erupted from CB9 until present, including 
effusive and pyroclastic products, is therefore = 3.2 km3. A simple least-squares 
fractionation model was constructed to determine how much fractionation was required 
to generate a dacite of the composition found at Cerro Bravo from a standard island arc 
basalt. The model determined that volumes 10 to 15 times the volumes of erupted 
dacite, 30 to 50 km3 of basalt, would be required to produce the erupted Cerro Bravo 
dacite. This can be viewed as a minimum size for the magma chamber since it assumes 
complete eruption of all dacites.
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Magma Supply System
Wadge (1982) used plots of cumulative volume of erupted material versus time 
to examine magma supply and output rates in volcanic systems. Systems that produce 
near-linear cumulative volume curves (see Fig. 62), have consistent output rates and are 
considered to be steady-state. This has been best documented at volcanoes that erupt 
often, such as Kilauea and Etna, however, steady-state conditions have also been 
documented to occur at volcanoes that erupt in discrete episodes and spanning hundreds 
of years (Wadge, 1982). Kaimon-dake and Fuego volcanoes have been proposed as 
examples of volcanoes which have had repeated periods of steady-state activity (Wadge, 
1982; see Fig. 62). Cumulative volume curves (using tephra volumes only) suggest 
that this is the case for Cerro Bravo as well (see Fig. 62).
Following the terminology used in this paper, the periods of steady-state activity 
are epochs of activity. Epoch 3, representing only one eruptive episode - CB9, one data 
point on the plot, can not be considered in terms of steady-state activity. Epoch 2, 
including CB7-CB5, forms a linear relationship with an output rate of 1.1 km3/ka. 
Epoch 1 forms a linear relationship for CB4-CB2 with an output rate of 0.4 km3/ka, but 
falls slightly off linearity with CB1. Looking at the overall magma production, it is 
possible that the next episode activity at the volcano will return the curve to linearity.
To explain the occurrence of steady-state systems, Wadge (1982) uses a four 
component model of the magma supply system (see Fig. 63). The source of magma is 
a large, lower-crustal reservoir (1) which sends magma upwards through a hot, 
weakened pathway of cracks (2) to a sub-volcanic reservoir (3). The sub-volcanic 
reservoir, in this case the location of fractionation and differentiation, is small and only 
capable of limited expansion or contraction. The fourth component of the model is the 
conduit to the volcanic vent (4). Eruptions at the surface represent either the discharge 





















Figure 62. Steady state magma production plots, (a) theoretical and (b & c) observed 
(from Wadge, 1982 and this study). Explained in text.
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Figure 63. Model of steady state magma supply system (from Wadgc, 1982).
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of cracks in a system that does not include a sub-volcanic reservoir. The maximum 
batch size, V2 (see Fig. 62) reflects the size of individual cracks in the pathway or the 
size of the sub-volcanic reservoir.
The cumulative volume plot for Cerro Bravo indicates:
1) that the overall discharge rate of the volcano has been constant with time (line
A in Fig. 62),
2) that the discharge rates during epochs are consistent,
3) that this characteristic discharge rate has decreased with time,
4) that the repose period between epochs has decreased with time, and
5) that the repose period between episodes has remained the same.
Integrating this information with the magma supply system model proposed by Wadge 
(1982), it is possible to construct a model for the system supplying Cerro Bravo.
A constant supply rate to the sub-volcanic magma chamber is required to 
maintain a constant overall discharge rate and a constant composition. As material is 
supplied from depth, the pressure in the magma chamber increases. When the pressure 
reaches near-lithostatic pressures, magma fracturing of the rock between the chamber 
and surface occurs, forming a conduit to the surface. Magma rises and initiates an 
epoch of activity. The time required to reach the critical pressure limit has decreased 
with time. This suggests a decrease in the size of the magma chamber that could be 
caused by the build up of crystalline material along the cooler margins.
During epochs of activity, magma rises through the cracks, that form the 
conduit, to the surface and erupts at a constant rate. The rising magma is divided into 
discrete batches, the episodes of activity. When pressure in the magma chamber has 
decreased sufficiently, batches stop rising to the surface. The epoch of activity comes 
to an end. The rate at which magma rises to the surface has decreased during 
successive epochs. This is possibly due to a change in the rock strength or a change in 
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the regional stress regime that results in greater resistance to the upwards movement of 
magma. The change in resistance has apparently not affected the spacing of the rising 
batches and episodes of activity.
Recent Changes
During the most recent episode of activity, CB 1, there has been a slight change 
in the chemistry, with a noticeable increase in TiC>2 concentrations. This increase in 
TiC>2 is possibly connected with the occurrence of mixing of the characteristic white 
glass and a before unseen, brown glass. There was no sign of gradual change during 
the previous few episodes suggesting that there was an abrupt change in conditions in 
the magma chamber. Although it is unclear what changes other than composition have 
taken place, it is possible that the volcano is preparing to change its supply system 
and/or its behavior.
CONCLUSIONS
Cerro Bravo has been supplied from a thermally and volatile stratified magma 
chamber. Temperatures probably range from 975-850° C and water contents are 
probably greater than 4 wt. %. The magma chamber is large enough to have produced a 
dacitic cap that has erupted > 3 km3 of medium-K, high silica, andesites and dacites 
during the last 6000 years and maintained a fairly constant composition over this time 
period. Analysis of a pre-caldera lava suggests that this composition has been constant 
for the last 50,000 (±50,000) years. Upward migration of magma along the margins of 
the magma chamber has resulted in the mixing of phenocrysts and magma from the 
different stratified zones.
The measured output rate and calculated recharge rate of the volcano have 
remained fairly constant, although punctuated by long periods of repose, for the last 
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6000 years. The inferred size of the magma chamber has decreased during this time, 
resulting in shorter periods of time necessary to reach lithostatic pressure and send 
material to the surface. The time during which material is supplied to the surface is 
termed an epoch of activity. Material rises to the surface in discrete batches creating an 
episode of activity. The length of repose between episodes has not changed, but the 
resistance of the conduit to upwards migration of magma has increased with time, 
resulting in smaller batches of magma rising and smaller volumes erupted. Mixing in 
the magma chamber and possibly additional mixing during the upward movement of 
magma to the surface has resulted in fluctuations of magma composition and eruption 
explosiveness during episodes of activity. The most recent activity, CB1, included 
material with distinctly higher TiC>2 indicating that there may have been a recent 
modification to the system, probably occurring in the magma chamber. Such a change 




The November 1985 eruption of Nevado del Ruiz provides an example of the 
importance of hazard evaluation. A volcanic hazards study and map were completed just 
prior to the eruption, describing what might happen and where the most dangerous 
locations would be (INGEOMINAS, 1985). The accuracy of this study was tragically 
substantiated when 25,000 people were killed by lahars as they swept down their 
predicted courses (Mojica et al., 1985). It is apparent that for a hazards evaluation to be 
most useful it must be completed far enough in advance of an eruption to allow for 
proper civil defense preparation and education of the populace. One of the goals of this 
study of Cerro Bravo was to prepare a volcanic hazards evaluation and map that can be 
used by INGEOMINAS and the Colombian government in long-term land-use and 
hazard-mitigation planning.
The first step necessary in preparing a volcanic hazards evaluation is a detailed 
study of the past activity of the volcano. Stratigraphy and field geology at Cerro Bravo 
conducted by the author has enabled the interpretation of the past style of activity and the 
reconstructions of individual eruptions (see Chapter 1). Using this understanding of the 
past behavior, it is possible to forecast probable future activity at Cerro Bravo and the 
hazards that such activity presents to the local populace and their property.
PAST ACTIVITY AT CERRO BRAVO
Detailed examination of deposits at Cerro Bravo has enabled the reconstruction 
of past activity at the volcano (see Chapter 1). The post-glacial pyroclastic deposits 
show evidence of repeated episodes of activity, which are characteristically composed of
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explosive and effusive phases of volcanism. The initial phase is explosive and includes 
one or more pulses of plinian activity interspersed with subplinian events, ash 
emissions, pyroclastic flows, and surges. As the explosivity of the eruptions decrease, 
the volcano extrudes high-viscosity lava forming domes and short, high-aspect lava 
flows. These domes and lava flows have occasional structural failures resulting in the 
formation of block and ash flows and avalanches. With the cessation of lava extrusion, 
the volcano goes into a period of quiescence ranging from a few hundred years to a few 
thousand years before a subsequent reactivation of the volcano. The last episode of 
activity occurred less than 200 years ago (age based on 14C, see Chapter 1) and 
presently Cerro Bravo is in a state of quiescence with no fumarolic or geothermal 
manifestations.
HAZARD ZONATION
The determination of hazard zonations for volcanic hazard maps is by necessity 
rather subjective. In general, zones are defined on the basis of past activity at the 
volcano and estimated probabilities of the recurrence of similar activity in the future 
(Crandell and Mullineaux, 1967, 1975, 1978; Crandell et al., 1979; Crandell, 1980; 
Miller, 1980; Scott, 1989b). A number of assumptions are required to do this:
1) that future activity will occur in the same place as past activity,
2) that future activity will be similar in style, frequency, and magnitude to past 
activity, and
3) that all of the past activity is accurately represented by the out crops and 
geology studied. Even when using these assumptions, it is difficult to determine the 
probabilities of occurrence of different types of activity, due to the difficulty of 
determining accurate ages for past events.
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Cerro Bravo is a good volcano for a volcanic hazards evaluation because of the 
existence of a detailed geological study and extensive age control on past activity. As 
discussed in Chapter 1, the style of activity has been very consistent in the past 
suggesting that future activity will be similar. When the style of activity is known it then 
becomes important to estimate the probable magnitude of future activity. This can be 
done by evaluating reconstructions of past activity in either of two ways: first, as a 
group - irrespective of age, and second, as a time sequence - with patterns of behavior.
Activity during the last 6000 years at Cerro Bravo has been divided into epochs 
of activity composed of one or more episode of activity and separated by repose periods 
of several thousand years. Episodes of activity are separated by repose of several 
hundred years and are characterized by near continuous activity, including an initial 
explosive phase and a concluding effusive phase of activity. Eruption rates have been 
fairly constant within epochs of activity, but with successive epochs the eruption rate 
has decreased.
A model for the magma supply system of Cerro Bravo was developed to explain 
this behavior (see Chapter 2). This model indicates that, although the output rate at the 
volcano has remained constant over time, an increase in the resistance of the rocks in the 
conduit to the upward movement of magma has increased. This has resulted in more 
episodes per epoch of activity, but with less material erupted per episode. The model 
cannot distinguish whether the volcano is still within the most recent epoch of activity 
or between epochs, but does suggest that should there be renewed activity in the near 
future, it should involve volumes of the same scale as the most recent eruption.
It must be remembered, however, that trends are always broken eventually. 
Changes in the composition of the most recent erupted products (CB1) suggest that 
some change is taking place in the magmatic system. It is safer to plan for an eruption 
larger than actually occurs than for a one smaller. And, although there is no evidence in
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the recent geological record of a caldera-scale eruption, the existence of the Quebrada 
Seca Caldera attests to such activity in the not too distant past and suggests that it is not 
impossible to have such activity again in the future.
Tephra Fall
Tephra distributions and volumes are one of the best understood aspects of the 
volcano. Deposits indicate the existence of multiple plinian and subplinian eruptions 
during eight of the last nine episodes of activity (see Table 8). Detailed studies of these 
deposits has enabled the calculation of a variety of eruption parameters (see Chapter 1) 
which can be used to determine tephra fall risk zones. The parameters of greatest 
importance are: volume erupted, column height, and wind velocity. Since the primary 
hazard posed by tephra, the burial and collapse of structures due to the weight of the 
deposits, is a function of deposit thickness, it was necessary to characterize the tephra 
distribution of the different events. Column height and wind velocity determine the areal 
extent of the distribution and the amount of material erupted determines the actual 
thickness of the deposits.
To characterize the eruptions, the three size parameters, eruption volume, 
column height, and wind velocity were plotted on histograms (see Fig. 64). Using 
these histograms, the eruptions were divided into groups that correlate to changes in 
frequency of occurrence. The majority of the eruptions had column heights of 16 to 18 
kilometers, volumes of 0.100 to 0.125 km3, and wind velocities of 20 to 25 km/sec. 
These values served as the dividing lines for the greatest frequency events. The gap in 
eruption volumes between 0.250 km3 and the decrease in frequency of column heights 
of 24 km or greater served as dividing lines for the lowest frequency events. 
Admittedly, this a highly subjective technique.
Table 8. Summary of numbers and types of eruptive events at Cerro Bravo






High MediumHigh Medium Low
CB1 1 1 Y
CB2 1 1 ?
CB3 1 >4 2 1 2 Y Y
CB4 3 1 3 1 Y Y
CB5 1 2 2 1 Y ?
CB6 1 1 ? ? ? ? ? ?
CB7 3 1 7 ? ? 7 ? ?
CB9 2 2 2 7 7 ? ? ? ?
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Volume tephra erupted (km3)
Column height (km)
Wind velocity (m/sec)
Figure 64. Plots used to determine airfall hazards zonation for Cerro Bravo eruptions.
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By weighting the parameters differently and combining the values of the 
frequency groups, the eruptions were divided into three size groups (see Table 9). 
Volume of erupted material was given a weight of 5, column height was given a weight 
of 3, and wind velocity was given a weight of 1. The values of the weights are arbitrary 
but reflect the importance of the different parameters in determining tephra distribution 
for this volcano. At Cerro Bravo, the greatest magnitude of variation between eruptions 
is the volume of material erupted, volume is therefore assigned a heavier weight to 
demonstrate that the difference in the frequency groups is more significant.
The three groups represent small, medium, and large eruptions, which for 
hazard zonation correlate to high, medium, and low risks, respectively. A well- 
controlled isopach map from a characteristic member was chosen to represent the tephra 
distribution of the high-risk group and the medium-risk group. These are CB 1 and 
CB3/2, respectively. The isopach maps for CB2 and CB6/1 were combined to simulate 
the largest eruption that has occurred during the the last 6000 years and to represent the 
low-risk group. The isopach maps were modified to include the complete range of 
observed dispersal axes and the 10 cm isopach for each of these maps was chosen to 
represent the hazard zonation limit for the risk group (see Fig. 65). The significance of 
the 10 cm isopach will be discussed in the Tephra Fall Hazards section.
Pumice Flows
Pumice flow deposits are another type of pyroclastic deposit commonly found at 
Cerro Bravo. Deposits indicate that pumice flows have occurred during at least 4 of the 
last 5 episodes of activity, suggesting a high probability of pumice flows occurring with 
new activity at the volcano. The deposits are found interspersed with tephra deposits 
suggesting that pumice flows may occur at any time during the explosive phase of 
activity.
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Table 9. Classification of plinian eruption airfall hazards.




Tbi 1 1 1 9
CB4/1 1 1 1 9
CB4/2 1 1 1 9
CB4/4 1 1 1 9
CB7/3 1 1 1 9
CB9/3 1 1 1 9
CB9/4 1 1 1 9
CB7/4 1 1 2 10
CB7/6 1 1 2 10
Moderate Risk
CB7/5 2 1 1 14
CB5/3 1 3 1 15
CB6/2 2 1 2 15
CB9/6 2 1 2 15
CB3/2 2 2 1 17
CB4/3 2 2 1 17
CB9/5 2 2 1 17
Low Risk
CB5/4 2 2 2 13
CB5/1 3 1 1 19
CB9/1 3 1 1 19
CB9/2 2 3 1 20
CB2 3 2 2 23
CB6/1 3 2 2 23
Figure 65. Map of volcanic hazards from Cerro Bravo.
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Figure 65 (cont.). Map of volcanic hazards from Cerro Bravo. (Tick = 1 km).
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The pumice flows have been constrained by topography, resulting in the 
irregular distribution of their deposits. The deposits are found to the south and west 
within and just outside of the Quebrada Seca Caldera. They do not extend far from the 
volcano in these directions due to topographic highs. To the north and east, pumice 
flow deposits are found much further from the volcano, within the topographic lows of 
the Rio Perrillo and Rio Aguacatal valleys.
Based on deposit thicknesses and distribution, therefore, volume, the pumice 
flows that have occurred at Cerro Bravo can be divided into two groups. The smaller 
volume pumice flows, (such as the CB4 pumice flows) have been the most common; 
they tend to be thin (10-20 cm thick) and are extremely limited in distribution. 
Individual flow deposits cover only a single sector of the volcano and do not extend 
beyond 2 km from the base. Most of these flows were constrained by the Quebrada 
Seca Caldera scarp to the south, but a few traveled a short distance beyond it. The small 
volume pumice flow deposits have not been found to the east of the volcano on the Plan 
de Arriba. Future pumice flows that do travel to the east will probably not travel far 
from the volcano even though it is down hill.
Only two examples of the larger volume pumice flows exist (during CB5 and 
CB3, see Table 8) and their the deposits extend to much greater distances from the 
volcano. CBS pumice flow deposits indicate that one lobe of the flow, to the south, 
escaped over the low wall of the Quebrada Seca Caldera scarp, while another lobe 
traveled to the north along the Quebrada Seca, constrained by the ridge of the cordillera 
to the west. A third lobe flowed to the east, where it was constrained by a higher 
portion of the caldera scarp. A major portion of the flow traveled to the east, where it 
funnelled down the lower topography and the Rio Aguacatal valley to a distance of more 
than 11 km from the summit of the volcano. No deposits from the CB5 pumice flow 
were found on the northern flank of the volcano.
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The CB3 pumice flow deposits have a similar distribution to the CB5 flow 
deposits suggesting similar movement and topographic constraints. Although the CB3 
pumice flow did not travel as far down the Rio Aguacatal (only 8 km from the summit), 
it appears to have covered a larger portion of the volcano. One lobe of the flow flowed 
around the volcano, along the Quebrada Seca and Rio Perrillo and converged with a 
second lobe that had traveled northward to the Rio Perrillo and then east towards Brasil. 
The CB3 pumice flow traveled at least 5 km from the summit of the volcano down the 
Rio Perrillo valley.
Zones at risk from pumice flows have been determined, based on the distribution 
of pumice flow deposits as described above (see Fig. 65). The inner of the two zones is 
the high-risk zone, with a high probability of one or more small volume pumice flow 
covering a portion of the zone. The outer of the two zones is the medium-risk zone, 
which is roughly defined by the distribution of the larger volume pumice flow deposits. 
Since pumice flows have entered this zone twice during the past five episodes of activity 
it would be misleading to consider this a low-risk zone; there is a reasonable probability 
that pumice flows will enter this zone during the next episode of activity.
The possibility of pumice flows outside of these two zones should not be 
ignored, but due to the topography that has controlled the distribution of past flows it is 
unlikely that any flows will greatly exceed these zones, while the general style of 
volcanism remains the same. The CB5 pumice flow followed a large collapse of the 
dome complex, which precipitated the CBS block and ash flow. Should another such 
collapse or a blast occur, pumice flows could cover a wider area. Likewise, pumice 
flows could be larger following the collapse of a large column. Field geology suggests 




Few surge deposits have been found at Cerro Bravo. The ones that have been 
recognized are cold surge deposits, thin, lithic-rich, and often associated with lithic-ash 
deposits. The single identified example of a hot surge deposit is a stack of dune- 
bedded, pumice-rich, surge deposits found south of the volcano and formed during the 
CB3 episode of activity. No surge deposits were found beyond a kilometer from the 
base of the volcano or outside the zone of high risk for pumice flows. Surges are 
expanded and turbulent, unlike pumice flows, and as a consequence are not as much 
controlled by topography. Because of this, surges tend to travel further than pumice 
flows and in a relatively straight line. This suggests that the surges probably extended 
further than the pumice flow deposits to the south and west, but the deposits are no 
longer identifiable. Because of this it is difficult to assess the zone at risk from future 
surges.
Although surges behave differently than pumice flows, the two have been 
grouped together for hazards zonation purposes. All of the identified surge deposits are 
situated within the high risk zone for pumice flows, but the surges probably traveled 
outwards into the medium risk zone. Surges have been uncommon in the past and are, 
therefore, judged likely to be so in the future. Should a surge occur, it will probably 
conform to the same zones as assigned for pumice flows.
Lava
The summit of Cerro Bravo is composed of numerous fragmentary lava flows 
and dome complexes which were extruded during the effusive phases of episodes of 
activity. A few of the flows that make up the base of the volcano extend 3 km from the 
summit. Their relationship with recent activity is unclear, but stratigraphic relationships 
indicate that they are probably older than the preserved pyroclastic deposits. All of the
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overlying lava flows have been restricted to the topmost summit region of Cerro Bravo 
and much of the lava extruded has formed domes instead of flows.
The limited nature of the lava flows at Cerro Bravo is not surprising. The 
magma is high silica - acid andesite to dacite which causes the magma to be very viscous 
and form high-aspect flows or domes. Lava extruded in the near future will likely also 
be very viscous and form domes or high-aspect lavas. The lengths of high-aspect lava 
flows are determined by eruption rate: higher rates create longer flows. If a future 
eruption has higher eruption rates than recently occurring at Cerro Bravo it is possible 
that the lava flow may extend further from the volcano.
Due to the steep sides of the volcano summit, it is likely that lava flows would 
become gravitationally unstable and collapse, forming an avalanche or a small block and 
ash flow. Deposits that may have been produced by this process have been found to the 
east of the volcano on the Plan de Arriba and to the north-east above the Quebrada La 
Luna. Domes that are extruded high enough and with steep sides can also become 
unstable and result in collapse and the formation of block and ash flows.
Only one risk zone has been designated for lava flows due to their limited nature 
(see Fig. 65). This zone includes the summit region and extends part way down the 
sides even though no deposits are currently found there. Trends in the magma supply 
system, discussed above, indicate that high extrusion rates and, therefore, long lava 
flows are unlikely.
Block and Ash Flow
Block and ash flows have submerged the topography to the north and east of the 
volcano, producing relatively smooth-sloping depositional surfaces. To the north, a 
sequence of block and ash flow deposits (units from CB5?, CB4, and CB3) is found 
within a large chute-shaped feature formed by parallel faults and collapse of the volcano.
161
The thick block and ash flow deposits to the east (originated during CB5) overlie a set of 
three indurated block and ash flow deposits of unconstrained age. Similar indurated 
block and ash flow deposits occur near La Plata to the north-west of the volcano. All of 
these deposits contain juvenile pumice as opposed to the small block and ash flow 
deposits that are probably created by collapsing lava flows.
Block and ash flows can be triggered by a number of processes (Heiken and 
Wohletz, 1987). Gravitational instability of lava flows or domes, such as described 
above, regional faulting, vaporization of ground water, and magmatic gas can all act as a 
trigger. The transition from block and ash flow to pumice flow during CB5 would 
suggest that the trigger was magmatic gas. The hot temperatures required to cause 
induration and the large quantities of pumice in the older block and ash flow deposits 
also suggest a magmatic gas trigger. However, the recurring faults and the numerous 
block and ash flow deposits suggests a different trigger for the flows to the north.
The northern side of the volcano is likely to be preferentially weakened due to 
faulting and the regional stress regime. Weakening would increase the likelihood of 
collapse and would not require as a large a trigger. The relative scarcity of pumice and 
the presence of underlying pyroclastics from the same episode, suggest the the flows 
were created by collapse subsequent to or during dome extrusion. Although some 
magmatic heat and gas must have been involved, it is possible that the initial trigger was 
ground water - hot rock interaction. This reasoning implies that future collapse of the 
volcano towards the end of an episode of activity will most likely occur in the weakened 
region to the north. With the addition of new magma and magmatic gas to the system, at 
the beginning of an episode, potentially any portion of the summit dome complex could 
collapse.
Block and ash flows have behaved similarly to other pyroclastic flows and have 
been constrained by the same topography as the previously discussed pumice flows.
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The CB3 and CB5 block and ash flow deposits extend further north and east, 
respectively, than the pumice flow deposits. For hazard zonation purposes, the zone of 
medium risk for pumice flows has been enlarged to include these and slightly larger 
flows (see Fig. 65). The larger block and ash flows that have occurred at Cerro Bravo, 
have been constrained to the northern chute, with the exception of CB5 and the earlier 
indurated block and ash flows. The greatest risk, therefore, exists to the north and this 
risk is greatest during the effusive phase of activity. Because of this, the northern zone 
at high risk from block and ash flows has differentiated from the other zones at risk 
around the volcano (see Fig. 65). These other zones, at lower risk, have been included 
with the pumice flows to form pyroclastic flow risk zones.
Lateral Blast
Blast deposits have not been recognized in the field at Cerro Bravo. However, 
the presence of block and ash flow deposits that represent explosive collapse of a 
portion of the dome, suggest that lateral blasts may have, in fact, occurred in the past. It 
is equally likely that a blast may occur associated with a future collapse of the summit 
dome. The intimate relationship between dome collapse and blasts allows us to 
constrain potential lateral blast directions using the same criteria as collapse forming 
block and ash flows. The chute to the north of the volcano, formed by recurring faults, 
and the presence of multiple units of block and ash flow deposits within it, indicate that 
northward is the most likely direction for a volcanic blast (see Fig. 65).
The high, steep sides of the summit dome complex and the presence of faults 
and collapse structures suggest that gravitational instability may occur on other sides of 
the volcano. Block and ash flow deposits indicate that collapse occurred on the eastern 
side of the volcano during CB5. At present, the southern cone and domes prevent 
collapse in a southward direction and the well-established lava flows to the NNE would 
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restrict collapse to the NNE. It is impossible to further limit the location of a 
hypothetical future collapse of the volcano, but prior to the collapse, deformation and 
bulging caused by dome growth or the upward movement of new magma should 
indicate regions of greatest activity and instability.
Debris Avalanche
There are no identified debris avalanche deposits associated with Cerro Bravo.
A number of large hills to the north of the volcano appear as if they may, in fact, be 
dislocated blocks deposited during some catastrophic collapse at the volcano, but recent 
deposits mask any other deposits. Debris avalanches are a possibility at Cerro Bravo 
due to the presence of a high, steep dome complex and frequent faulting; however, due 
to the small size volcano, the debris avalanche would by necessity by quite small. The 
avalanches would likely come off the younger northern half of the volcano and travel 
down the large chute to the north, due to the repeatedly active faults which make that end 
of the volcano unstable. The other likely path for a debris avalanche would be to the 
east, down to the Plan de Arriba. Since avalanches are gravitationally driven, with no 
input of volcanic energy or gas they would not exceed the pyroclastic flow risk zone.
Lahars and Landslides
A number of geologic processes related to volcanic activity are secondary in 
nature. The region surrounding Cerro Bravo already has many landslides during the 
rainy seasons, but this problem would be significantly increased with the addition of a 
large quantity of unconsolidated material on the slopes. Lahars are not always formed 
by the sudden melting of summit and glaciers such as at Nevado del Ruiz in 1985. At 
Irazu volcano, Costa Rica in 1963-1965, numerous lahars were formed along the ash 
choked drainage system during periods of heavy rainfall (Waldron, 1967). These 
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processes and others: slumping, mass wasting, etc., will likely accompany any plinian 
activity at Cerro Bravo.
Although few deposits resulting from landslides and lahars were seen in the
field, it is possible to predict areas that will be most severely affected by these 
processes. Zones of highest risk are at the base of steep slopes and along river channels 
in zones of probable thick tephra fall and pyroclastic flow deposition (see Fig. 65).
Risk decreases with decreasing slope and decreasing thickness of tephra fall. Areas 
downstream along drainages, however, may be affected far beyond the extent of 
significant tephra fall as illustrated by the 1985 eruption of Nevado del Ruiz.
VOLCANIC HAZARDS OF CERRO BRAVO
The hazards posed by different styles of volcanic activity have been described by
a number of authors (Tazieff, 1983; Blong, 1984; Scott, 1989a). These hazards 
include: the destruction of property and life due to impact, force, incineration, and 
poisonous gases. To understand how these hazards apply to the region surrounding 
Cerro Bravo, it is necessary to tailor the list of hazards to those that are most important 
in this particular setting. Of particular significance are the hazards posed by secondary 
processes. These result in the remobilization of pyroclastic material in the form of 
lahars, landslides, or simply as sediment load in the local hydrologic system. These 
secondary processes and the extended nature of activity at Cerro Bravo create hazards 
that are longer term problems than normally considered.
Tephra Fall
Tephra fall poses the greatest hazard to the region surrounding Cerro Bravo.
Plinian eruptions at Cerro Bravo have deposited blankets of tephra that cover > 1000 
km2. The hazards posed by future plinian activity will vary with distance from the 
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volcano and local physiography. A list of these hazards includes: impact by clasts, 
burial, ingestion of ash, corrosion, remobilization of unconsolidated material, and 
modification of hydrologic systems. The last two hazards will be discussed separately 
in the Lahars and Landslides section.
The most significant of the tephra fall hazards is that of burial. Cerro Bravo 
tephra deposits have an estimated density of 1 gm/cm3 which correlates to a mass of 10 
kg/m2 for every cm thickness of the deposit. When deposited on the roofs of buildings 
this mass can have grave consequences. Compilations of observations on the effects of 
tephra fall burial on buildings lead Blong (1984) to speculate the existence of a critical 
threshold of 10 cm for deposits (for wet and, therefore, heavier deposits, the threshold 
would be lower). Deposits thicker than 10 cm frequently result in roof collapse, which 
in turn may cause the injury or death of people using the building as shelter.
As seen in Fig. 65, the area at risk from burial is quite large. The low risk zone 
includes Manizales, a city of 400,000 inhabitants. To reduce the danger of collapse, it is 
necessary to clean tephra from roof tops before accumulations become dangerous. This 
is especially important for buildings near Cerro Bravo since there is frequently more 
than one plinian eruption and where the deposits of one eruption was not sufficient to 
destroy a roof, the deposits of two might be. Another reason for cleaning tephra off of 
roof tops, especially with galvanized roofing is that the acidity from gases adsorbed onto 
the tephra is very corrosive. Four objects of greater importance than private homes, that 
are located near Cerro Bravo and at risk from tephra burial are: the large coffee 
storehouse in Letras, the gas pipeline and high-tension powerlines that run 3 km 
southeast of the volcano, and the Telecom communications station on Cerro Guali near 
north of Nevado del Ruiz.
In addition to buildings, fields and plants that are buried can be destroyed. If the 
deposits are not too deep the plants may be able to recover and grow up through the 
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tephra, but if the deposits are deep that vegetation will die due to damage by the weight 
or lack of sunlight. Taller, woodier vegetation will likely survive. The primary source 
of revenue in the area is agricultural, both potatoes and dairy, and in the case of a very 
large eruption, the lower elevation coffee plantations located around 35 km to the west 
of Cerro Bravo may be effected. The effect of burial to the local economy would be 
severe.
Tephra clast size increases with proximity to the volcano. The impact by large 
clasts can be cause significant damage to plants, buildings, and people. The chance of 
fatalities is small, it has been noted that people are seldom killed by impact, and those 
few who died were located close to the crater (Blong, 1984). Observations have been 
made of the effect of tephra impacts on roofs. During the 1985 Nevado del Ruiz 
eruption roofs of Duralita® (corrugated compressed asbestos fibers) at distances of 7 km 
were penetrated by lithic clasts as small as 3 cm and tephra as small as 5 cm during the 
1985 Nevado del Ruiz eruption (S.N. Williams, pers. comm.). Blong (1981) has 
observed that lithic clasts of 5 cm diameters can penetrate steel cladding.
Tephra with large clast size does not travel far from the volcano. In the case of 
Cerro Bravo, the zone at risk from impact by tephra is within the 10 cm deposit 
thickness high-risk zone. Damage caused by impact will likely be similar to and 
confused with damage caused by burial.
Volcanic eruptions produce large quantities of very fine ash that remains 
suspended in the air for long times and travels to great distances. This ash can be 
hazardous to machinery, animals, and humans due to ingestion. Inhaling ash has been 
shown to cause respiratory disorders and can possibly be more serious depending on the 
particular chemical agglutinates (Blong, 1984). Fine ash will also irritate eyes. These 
hazards can be reduced by wearing masks and glasses. Machinery and electronic 
equipment can often be severely damaged by ash. The fine material gets into moving 
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parts and causes friction and disturbs electrical contacts which is potentially quite 
dangerous at power plants. Fine ash will also disrupt communications and air 
transportation to and from Manizales. Ash from post-1985 emissions from Nevado del 
Ruiz (accumulations of less than 0.2 cm) has periodically caused the complete halt of 
commerce in Manizales.
Pyroclastic Flows and Surges
Pyroclastic flows and surges are density currents composed of lava and pumice 
clasts entrained in a mixture of dust and hot gas. Although gravity driven, they can 
reach high velocities (up to several hundred meters per second), due to the reduced 
effect of internal friction. Flows and surges are extremely destructive due to 
accompanying pressure waves, momentum and impact by entrained clasts, burial, and 
ignition of combustibles. These factors usually result in complete destruction in the path 
of the flow. The high velocities of these events results in little advance warning for the 
local populace and essentially no time for evacuation. The replacement of the air space 
by pyroclastics and volcanic gases can result in asphyxiation of people and livestock 
who survive the major destruction or are peripheral to it.
The region that is likely to be effected by pyroclastic flows and surges is shown 
in Fig. 65. It extends farthest down the Rio Perrillo and Rio Aguacatal valleys and 
includes nearly two dozen isolated farms, as well as the town of Brasil which has a 
population of several hundred people. Within the path of pyroclastic flows, the houses 
will be partially or completely destroyed, the fields will be burned and buried and 
humans and livestock will seriously, probably fatally, injured. Rehabitation of the area 
will depend on the size and type of flow or surge.
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Lateral Blast
The dangers from blasts were demonstrated at Mount St. Helens in 1980. The 
force of the blast cloud knocked down large trees up to 20 km away and abrasion 
stripped even standing trees of their bark (Kieffer, 1981). Lateral blasts are generally 
considered completely destructive, killing all surface life and destroying all structures 
within their effected region. Areas peripheral to the blast will also be effected. People 
and livestock may face asphyxiation and high gas temperatures may cause incineration 
of vegetation and property and affect large areas. The area at highest risk is the Rio 
Perrillo and the Quebrada El Salado valleys and includes the farms and the potato 
plantations of Brasil and the southern slope of Alto El Contento (see Fig. 65).
Debris Avalanche
Debris avalanches are not likely to occur at Cerro Bravo and should one occur it 
will be within the zone of pyroclastic flow risk. In this region are the houses in the Rio 
Perrillo valley to the north, up to and including Brasil, and the houses on lava flows and 
the Plan de Arriba to the east. The hazards are the same as those posed by pyroclastic 
flows and basically amount to complete destruction. A debris avalanche would, by 
necessity, involve the movement of a large quantity of material and likely dramatically 
change the surface topography. This could seriously hinder efforts to rebuild and 
rehabitate the area.
Lava
Although lava flows are incredibly destructive, they have a very limited range at 
Cerro Bravo and are quite slow moving due to their high viscosities. Humans and 
animals can easily avoid the slow moving flows, but structures that can not be moved 
from their path will be completely destroyed by crushing, burial, or incineration. Very 
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little property is located in the danger zone, this consists of two or three houses along 
the Bogotd - Manizales road, to the east of the volcano, and the road itself. The closest 
other houses are to the south of the volcano near, and including El Doce, but these 
should be protected by the presence of the southern cone. A greater and more 
unpredictable hazard is from the sudden collapse at the end of a lava flow and the 
formation of a block and ash flow. These block and ash flows travel quickly and have a 
much greater range, potentially surprising people who are only expecting slow moving 
lava. Block and ash flows of this origin are identical to other pyroclastic flows in terms 
of the hazards they pose and their zonation. However, they emphasize the ability of the 
volcano to produce a pyroclastic flow at any stage of activity, even during relatively 
passive extrusion.
Lahars and Landslides
The recent pyroclastic processes at Cerro Bravo have resulted in the deposition 
of large quantities of unconsolidated material in a region of high topographic relief and 
rainfall. At present, there are serious landslide problems during the rainy season. The 
addition of new unconsolidated material would only serve to acerbate the problem. 
Remobilization of pyroclastic deposits would take the form of landslides, lahars, and 
increased sediment load in the drainage system.
Landslides and lahars pose the same dangers but in different areas. Both will 
destroy roads and houses and result in the transportation of large quantities of material to 
the valley floors and their subsequent addition to hydrologic system. These events are 
most likely to occur quite suddenly, coupled with heavy rainfall.
The presence of fine surface material causes the formation of a nearly 
impermeable layer that increases runoff during heavy storms up to 99% runoff 
(Waldron, 1967). The increase in runoff causes flash floods and the dramatic increase
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in erosion and undercutting and slumping in valleys causing debris avalanches. As a 
result of the last two processes, valley walls will be extremely unstable and valley floors 
will become extremely dangerous, especially during the rainy season.
Over the long term, increases in the sediment load due to the input of 
pyroclastics from the activity at Cerro Bravo and related increases in erosion will 
significantly modify the hydrologic system. Probable results are fish kills and lowland 
flooding. The whole lowland Magdalena and Cauca River valleys may be occasionally 
flooded, buried by the increased sediment load, and the channels of these rivers may be 
forced to migrate. It is unclear how far downstream the effects of increased sediment 
transport will be noticed.
Secondary transport of pyroclastic material can also occur by aeolian processes. 
Reworking of ash by wind and continued ash emission may create a desert at the base of 
Cerro Bravo where no vegetation can establish itself, similar to that seen on the upper 
slopes of Nevado del Ruiz. The likelihood of such an occurrence is dependent on the 
thickness of the tephra deposits and the frequency of ash emissions which would control 
the ability of vegetation to recover. Attempts at agriculture will probably be hampered 
by health problems posed by ash ingestion as well as the burial of topsoil and increased 
erosion.
Gases
Degassing accompanies volcanic activity and, when present in high 
concentrations these volcanic gases can be hazardous to vegetation and animals. The 
likelihood that volcanic gasses will collect in depressions in concentrations sufficient to 
kill humans and livestock such as in Iceland (Thorarinsson, 1979) and at Lake Nyos 
(Tazieff, 1989), is small due to the strong swirling winds that constantly surround the
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volcano. Of greater concern, is acid rain and the long-term effects of exposure to certain 
gases.
Measurements of extremely high SO2 fluxes at Nevado del Ruiz for the past five 
years and at Galeras in southern Colombia for the past two years suggests that SO2 
fluxes are regionally high in the northern Andes (S.N. Williams, pers. comm.). The 
emission of SO2and, more importantly, HC1 into the atmosphere causes the 
acidification of rainwater and, consequently, the acidification of the local hydrologic 
system. At Nevado del Ruiz this has not had a serious effect, due to the absence of 
agriculture and people high on the volcano (Parnell and Burke, 1990). Cerro Bravo, 
located at lower elevation, has houses and farms located within a few kilometers of the 
summit.
Acid rain is known to have a potentially lethal effect on vegetation and this could 
seriously effect agriculture (e.g. Masaya volcano, Nicaragua; Williams, 1983). The 
region surrounding Cerro Bravo is scarcely populated and depends primarily on the 
production of potatoes for its livelihood. The resistance of potato plants to the effects of 
acid rain is unknown, but frequently, cultivated vegetation is less resistant than 
indigenous vegetation. Parnell and Burke (1990) noted that agricultural techniques tend 
to accentuate the effect of acid rain from Nevado del Ruiz, producing potassium leaching 
from the leaves of coffee plants. Leaching decreases the amount of nutrients reaching 
the plants and may seriously effect the plants if it is persistent for a long period of time. 
Degassing from Cerro Bravo may have a similar effect on the coffee plantations and 




Volcanic earthquakes are caused by the fracturing of rock due to the movement 
of magma or magmatic fluids and gases. In general, they tend to be small in magnitude 
and cause only minor damage, which is restricted to structures very close to the volcano 
(Scott, 1989a). A much more significant hazard results as an effect of the earthquakes 
on the structural integrity of the volcano. Continued fracturing and shaking causes rock 
strength to decrease and thus increasing the likelihood of volcanic eruption or collapse. 
An unstable dome might be triggered to collapse by a volcanic earthquake that would 
normally not be strong enough to cause damage. As discussed above, pyroclastic 
flows, lateral blasts, and debris avalanches that might result from a collapse are 
extremely destructive.
CONCLUSIONS
Other than the hazards that result from tephra fall and the presence of large 
quantities of unconsolidated material, the hazards from Cerro Bravo are confined to a 
region of sparse population and limited economic value. As long as the demographics 
of the region remain the same, it is not necessary to worry excessively about long range 
land usage plans and mitigation techniques. Monitoring the state of activity of the 
volcano will be very important. INGEOMINAS will be taking the first step in this 
monitoring process by installing a telemetered seismograph at Cerro Bravo sometime 
during the upcoming year.
When Cerro Bravo finally and inevitably does reenter a state of heightened 
activity it will be necessary to evacuate a large portion of the inhabitants from the 
immediately surrounding area. During an episode of activity, the entire region that lies 
within the zone of risk from pyroclastic flows should be evacuated. Although current 
monitoring techniques are increasingly accurate at forecasting eruptions, they are still far 
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from perfect. Flows could completely destroy this area with little or no warning. The 
possibility of multiple eruptions even precludes the resettlement of the area after the first 
plinian eruption.
The hazards from tephra fall from Cerro Bravo are unavoidable. Although it 
would be advisable to evacuate people from within the highest risk zone for tephra fall, 
it would be impractical to try to evacuate people from further zones. Beyond the region 
of impact hazard, it should be possible to remain reasonably safe by cleaning roof tops 
and avoiding valley bottoms. To make this effective, requires the education of the 
populace. This is already in process to an extent due to the activity at Nevado del Ruiz. 
If this level of education and monitoring is maintained it should be possible avoid major 
disasters that might occur with renewed activity at Cerro Bravo.
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APPENDIX 2: WHOLE ROCK, MAJOR AND TRACE ELEMENT
COMPOSITIONS: RAW DATA
227
Sample # 007-DL 166-DL 080-DL 033-DL 142-DL 143-DL 081-DL 153-DL 073-DL 154-DL 018-DL 067-DL
Site 67 46 9 29B 29 29 9 75 4 75 31 1
Type lava Pf plin plin plin pl in pl in plin plin pl in baf lith srg
Unit CB1 CB1 mix CB1.1 CB1.1 CB1.2 CB1.3 CB1 B CB2/2 CB2/1 CB2/1 CB3 CB3 d-b
Batch 2 2 2 2 2 2 1 2 1 2 2 1
SiO2 62.3 61.2 65.1 61.9 63.4 62.6 63.6 61.4 64.6 64.3 61.4 66.0
TiO2 0.66 0.93 0.45 0.86 0.72 0.75 0.84 0.65 0.51 0.55 0.70 0.46
A12O3 17.4 16.6 15.8 16.8 16.1 16.3 15.9 16.8 16.0 16.1 17.5 15.8
FcO 4.20 5.31 3.42 4.87 4.45 4.60 4.17 4.83 4.27 4.26 4.91 3.79
MnO 0.09 0.11 0.08 0.10 0.10 0.10 0.09 0.11 0.10 0.10 0.10 0.09
MgO 2.3 2.4 1.6 2.4 2.1 2.2 2.6 2.5 1.9 1.9 2.5 1.8
CaO 5.72 5.97 4.36 5.29 5.09 5.48 5.14 5.72 4.85 4.84 5.66 4.46
Na2O 4.4 4.4 4.2 3.8 4.2 4.3 4.1 4.1 4.0 4.0 3.9 4.0
K2O 1.64 1.67 1.94 1.70 1.81 1.73 1.74 1.56 1.78 1.81 1.60 1.85
P2O5 0.26 0.32 0.16 0.29 0.26 0.26 0.15 0.21 0.17 0.18 0.23 0.15
Total 98.9 99.0 97.1 98.0 98.2 98.4 98.3 97.8 98.1 98.0 98.4 98.3
Rb n.a. 34 45 35 40 41 34 36 37 44 40 40
Sr n.a. 651 590 628 611 608 614 578 560 570 620 589
Y n.a. 17 14 17 15 14 16 15 14 14 14 14
Zr n.a. 178 152 172 162 161 154 142 130 146 155 128
Nb 15 15 15 15 16 16 10 17 9 16 15 10
Ba 996 925 1151 980 1043 997 1038 929 1074 1062 995 1117
La <8 23 <8 17 18 14 14 9 11 <8 9 12
Cu n.a. 29 10 18 22 21 18 18 15 14 18 14
Ni n.a. 20 <8 11 13 13 7 20 9 15 9 8
Zn n.a. 88 61 76 73 75 69 73 65 68 66 64
Cr 54 55 40 60 53 56 53 110 89 76 46 68
V 68 111 45 105 83 86 81 80 64 63 66 54
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Sample # 136-DL 138-DL 140-DL 066-DL 064-DL 072-DL 063-DL 125-DL 059-DL 123-DL 062-DL 071-DL
Site 1 1 1 1 1 4 1 4 1 4 1
Type Pf Pf Pf Pf Ifall Pf pl in Pf pl in pl in plin plin
Unit CB3 coar. CB3 body CB3 1H CB3 IP CB3 lag CB3 thin CB3/1 CB3/2.1 CB3/2.1 CB3/2.2 CB3/2.2 CB3Z2.3
Batch 2 2 2 2 1 2 2 2 2 2 2 1
SiO2 66.1 61.8 62.1 62.5 64.2 64.8 67.3 65.5 65.9 63.0 64.4 66.0
TiO2 0.45 0.64 0.62 0.62 0.58 0.51 0.44 0.46 0.49 0.62 0.56 0.50
AI2O3 16.1 16.6 16.6 16.2 15.7 16.0 15.6 16.1 16.1 16.1 15.8 15.5
FeO 3.43 4.81 4.61 4.63 4.58 3.80 3.38 3.51 3.72 4.46 4.18 3.91
MnO 0.08 0.11 0.10 0.10 0.10 0.09 0.08 0.08 0.09 0.10 0.09 0.09
MgO 1.5 2.4 2.3 2.3 2.4 1.8 1.4 1.6 1.6 2.2 1.9 1.7
CaO 4.39 5.61 5.54 5.53 5.32 4.69 4.10 4.48 4.42 5.19 4.70 4.48
Na2O 4.3 4.1 4.1 4.0 3.9 4.2 4.1 4.2 4.2 4.2 4.2 4.1
K2O 1.96 1.57 1.58 1.66 1.69 1.88 2.11 1.93 1.95 1.65 1.81 1.80
P2O5 0.19 0.19 0.19 0.19 0.17 0.18 0.18 0.17 0.18 0.19 0.19 0.16
Total 98.5 97.8 97.7 97.8 98.5 97.9 98.7 98.1 98.6 97.7 97.8 98.3
Rb 47 35 37 n.a. 38 46 49 46 47 38 42 39
Sr 606 587 585 n.a. 544 581 582 608 588 586 580 574
Y 12 15 15 n.a. 14 13 13 13 14 13 13 14
Zr 155 143 147 n.a. 127 149 152 146 153 144 148 127
Nb 15 15 15 14 13 15 15 15 16 15 15 10
Ba 1175 947 950 1043 972 1112 1242 1108 1140 1013 1107 1118
La <8 <8 7 <8 11 <8 6 <8 8 8 <8 9
Cu 11 12 17 n.a. 15 11 9 12 11 17 21 16
Ni <8 17 21 n.a. 8 12 <8 9 <8 19 17 9
Zn 59 72 76 n.a. 67 64 61 62 66 71 73 63
Cr 40 105 102 113 98 59 37 50 46 81 60 57
V 44 83 77 78 73 52 43 46 49 73 65 56
229
Sample # 038-DL 155-DL 019L-DL 019P-DL 117-DL 070-DL 112-DL 065-DL 061-DL 082-DL 088-DL 060-DL
Site 4 75 31 31 1 1 1 1 4 4 31 4
Type plin Pf baflith baf pum Pf Pf Pf Pf pl in pl in Pf plin
Unit CB3/2.3 CB3 basal CB4 CB4 CB4 11.1 CB4 11.2 CB4 I bod CB4I IP CB4/1 CB4/2 CB4 CB4/3
Batch 1 2 2 1 2 2 2 1 2 2 1 1
SiO2 65.5 63.4 60.9 65.0 62.7 65.6 64.9 64.7 63.4 65.3 67.5 67.2
TiO2 0.51 0.59 0.64 0.59 0.64 0.50 0.54 0.54 0.58 0.51 0.40 0.41
AI2O3 16.0 16.1 17.8 15.4 16.3 15.7 15.7 15.7 16.3 16.5 15.5 15.6
FeO 3.95 4.27 4.49 4.45 4.90 3.94 3.96 4.55 4.62 3.81 3.35 3.48
MnO 0.09 0.10 0.10 0.10 0.11 0.09 0.09 0.10 0.11 0.09 0.08 0.08
MgO 1.8 2.1 2.4 2.9 2.2 1.7 1.8 2.2 2.1 1.7 1.5 1.3
CaO 4.56 5.31 6.54 5.32 5.50 4.56 4.60 5.07 5.24 4.47 4.07 3.91
Na2O 4.2 4.3 4.3 3.7 3.9 4.0 4.1 3.7 4.0 4.2 3.6 3.9
K2O 1.79 1.65 1.44 1.77 1.76 1.99 1.92 1.86 1.80 1.89 2.30 2.11
P2O5 0.17 0.20 0.19 0.19 0.21 0.19 0.18 0.19 0.21 0.22 0.15 0.15
Total 98.6 98.1 98.7 99.4 98.3 98.3 97.8 98.7 98.5 98.7 98.5 98.1
Rb 38 37 36 37 40 47 48 37 41 44 48 45
Sr 583 602 610 543 532 575 554 555 575 561 586 553
Y 13 14 14 15 14 14 13 17 15 14 15 14
Zr 135 146 143 127 151 154 147 130 146 150 129 133
Nb 9 16 15 10 15 15 16 8 15 15 7 10
Ba 1122 1003 871 980 989 1158 1119 1046 1016 1064 1247 1248
La 11 8 <8 17 11 13 <8 8 8 9 16 8
Cu 16 20 21 24 20 13 11 16 17 12 14 16
Ni 4 18 14 15 19 13 15 12 20 10 6 4
Zn 67 67 63 63 71 67 68 67 71 67 56 59
Cr 52 90 108 107 80 54 57 68 n 57 46 42















































































































































































































































































































































































Sample # 1 076-DL 084-DL 083-DL 157-DL 152-DL 079-DL 054-DL 158-DL 046-DL 159-DL 160-DL 085-DL
Site 4 4 4 76 4 10 28 76 4 76 76 4
Type plin plin plin plin plin pl in pl in plin plin pl in plin plin
Unit CB5/2 CB5/3 CB5/4 CB6/1 CB6/2 CB6/2 CB6/2 CB6/2 CB7/3 CB7/3 CB7/4 CB7/6
Batch 2 2 1 2 2 1 2 2 1 2 2
SiO2 64.1 65.4 66.2 65.1 65.3 67.5 66.0 67.3 59.2 61.6 60.5 65.5
TiO2 0.58 0.51 0.43 0.53 0.50 0.37 0.44 0.43 0.75 0.71 0.75 0.49
A12O3 16.2 16.3 16.0 16.5 16.6 16.4 16.9 15.4 17.8 17.6 18.1 15.9
FeO 4.39 3.68 3.51 3.89 3.22 2.84 2.88 2.84 4.97 4.90 5.02 3.94
MnO 0.10 0.09 0.08 0.09 0.06 0.05 0.06 0.06 0.10 0.11 0.11 0.05
MgO 2.0 1.5 1.7 1.7 1.4 1.0 1.2 1.2 1.9 2.4 2.5 1.9
CaO 4.84 4.54 4.16 4.40 3.88 3.10 3.40 3.43 5.37 5.58 5.70 4.64
Na2O 4.0 4.1 4.0 4.0 4.3 3.8 3.9 4.3 3.9 3.9 4.0 4.0
K2O 1.86 1.84 1.88 1.91 1.79 1.98 1.92 1.99 1.51 1.59 1.52 1.87
P2O5 0.21 0.19 0.17 0.21 0.17 0.16 0.20 0.17 0.21 0.25 0.22 0.17
Total 98.3 98.2 98.2 98.3 97.3 97.1 96.9 97.2 95.7 98.6 98.4 98.4
Rb 43 39 43 46 45 49 49 52 32 37 34 41
Sr 555 663 551 556 580 559 575 557 621 586 632 576
Y 15 13 13 14 10 10 15 10 16 16 16 15
Zr 154 150 132 165 152 145 160 160 145 161 159 135
Nb 15 15 7 15 16 9 15 16 10 16 15 9
Ba 1043 1052 1129 1068 1139 1194 1117 1160 881 917 877 1112
La 9 <8 11 <8 <8 13 9 <8 14 12 14 13
Cu 15 <8 10 11 11 7 8 <8 20 24 26 16
Ni 16 <8 3 <8 11 -2 <8 <8 8 19 16 7
Zn 69 66 60 68 66 58 123 64 72 71 81 63
Cr 82 24 59 48 46 35 49 40 65 88 75 50






















163-DL 086-DL 164-DL 165-DL 009-DL 022-DL 004-DL
4 4 4 4 33 62 49
plin plin plin plin indbaf lith lava lava
CB9/2.2 CB9/3 CB9/4 CB9/6 La Plata west side pre-cald
2 1 2 2 2 1 2
SiO2 63.6 59.9 65.5 62.7 66.6 63.9 62.6 63.0 63.8 63.4
TiO2 0.54 0.72 0.51 0.62 0.42 0.57 0.62 0.59 0.54 0.59
A12O3 16.9 17.9 15.9 16.5 15.8 16.5 16.5 16.7 16.9 16.5
FeO 3.94 5.11 4.07 4.45 3.58 4.12 4.02 4.19 3.99 4.86
MnO 0.09 0.10 0.09 0.10 0.09 0 09 0.10 0.09 0.09 0.10
MgO 1.7 2.6 1.8 2.2 1.6 2.0 2.2 2.1 2.6 2.3
CaO 4.81 5.73 4.43 4.92 4.18 4.81 5.05 5.55 5.36 5.83
Na2O 4.1 3.7 3.7 3.9 3.8 4.0 4.0 4.4 4.5 3.9
K2O 1.71 1.33 1.96 1.78 1.97 1.79 1.68 1.66 1.67 1.53
P2O5 0.20 0.21 0.21 0.22 0.17 0.22 0.20 0.22 0.21 0.20
Total 97.6 97.3 98.0 97.3 98.2 97.9 97.0 98.5 99.6 99.1
Rb 37 29 42 42 43 41 39 40 41 30
Sr 661 650 570 570 571 599 604 587 598 574
Y 14 15 16 14 13 13 15 15 16 19
Zr 158 151 135 149 130 147 152 150 140 133
Nb 15 15 8 14 8 15 15 15 7 15
Ba 1001 818 1154 1055 1228 1055 1037 975 1068 948
La <8 9 10 14 9 <8 9 12 15 12
Cu 17 19 15
15 13 14 15 21 15 40
Ni <8 11 5 13 4 12 11 28 4 15
Zn 73 79 66
72 61 68 68 61 62 62
Cr 26 31 47
54 55 65 49 119 50 119
V 57 92 64
77 44 62 65 66 58 80
233
APPENDIX 3: WHOLE ROCK, MAJOR AND TRACE ELEMENT 
COMPOSITIONS: CORRECTED DATA.
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Sample # 007-DL 166-DL 080-DL 033-DL 142-DL 143-DL 081-DL 153-DL 073-DL 154-DL 018-DL 067-DL
Site 67 46 9 29B 29 29 9 75 4 75 31 1
Type lava Pf plin plin plin pl in pl in pl in pl in pl in baf lith srg
Unit CB1 CB1 mix CB1.1 CB1.1 CB1.2 CB1.3 CB1 B CB2/2 CB2/1 CB2/1 CB3 CB3 d-b
Batch 2 2 2 2 2 2 1 2 1 2 2 1
SiO2 62.9 61.9 67.0 63.2 64.5 63.7 64.7 62.7 65.8 65.6 62.3 67.1
TiO2 0.67 0.94 0.46 0.88 0.73 0.76 0.85 0.66 0.52 0.56 0.71 0.47
A12O3 17.6 16.8 16.3 17.1 16.4 16.6 16.3 17.2 16.6 16.4 17.8 16.2
FeO 4.24 5.37 3.52 4.97 4.53 4.68 3.94 4.93 4.05 4.35 4.98 3.55
MnO 0.09 0.11 0.08 0.10 0.10 0.10 0.09 0.11 0.10 0.10 0.10 0.09
MgO 2.3 2.4 1.6 2.4 2.1 2.2 2.2 2.6 1.7 1.9 2.5 1.6
CaO 5.78 6.04 4.49 5.40 5.18 5.57 5.03 5.84 4.74 4.94 5.75 4.34
Na2O 4.4 4.4 4.3 3.9 4.3 4.4 4.5 4.2 4.3 4.1 4.0 4.4
K2O 1.66 1.69 2.00 1.73 1.84 1.76 1.77 1.59 1.81 1.85 1.62 1.88
P2O5 0.26 0.32 0.16 0.30 0.26 0.26 0.17 0.21 0.19 0.18 0.23 0.17
Total 100.0 100.0 100.0 100.0 100.0 100.0 99.6 100.0 99.8 100.0 100.0 99.7
Rb n.a. 34 45 35 40 41 39 36 42 44 40 45
Sr n.a. 651 590 628 611 608 634 578 580 570 620 609
Y n.a. 17 14 17 15 14 17 15 16 14 14 16
Zr n.a. 178 152 172 162 161 174 142 150 146 155 148
Nb n.a. 15 15 15 16 16 17 17 16 16 15 17
Ba 996 925 1151 980 1043 997 1038 929 1074 1062 995 1117
La <8 23 <8 17 18 14 14 9 11 <8 9 12
Cu n.a. 29 10 18 22 21 14 18 11 14 18 10
Ni n.a. 20 <8 11 13 13 12 20 14 15 9 13
Zn n.a. 88 61 76 73 75 69 73 65 68 66 64
Cr 54 55 40 60 53 56 42 110 78 76 46 57
V 68 111 45 105 83 86 74 80 57 63 66 47
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Sample # 136-DL 138-DL 140-DL 066-DL 064-DL 072-DL 063-DL 125-DL 059-DL 123-DL 062-DL 071-DL
Site 1 1 1 1 1 4 1 4 1 4 1
Type Pf Pf Pf Pf lfall Pf pl in Pf plin plin plin plin
Unit CB3 coar. CB3 body CB3 1H CB3 IP CB3 lag CB3 thin CB3/1 CB3/2.1 CB3/2.1 CB3/2.2 CB3/2.2 CB3/2.3
Batch 2 2 2 2 1 2 2 2 2 2 2 1
SiO2 67.1 63.2 63.5 64.0 65.2 66.2 68.2 66.8 66.8 64.5 65.8 67.2
TiO2 0.46 0.65 0.63 0.63 0.59 0.52 0.45 0.47 0.50 0.63 0.57 0.51
AI2O3 16.3 17.0 17.0 16.6 16.0 16.3 15.8 16.4 16.3 16.5 16.2 15.8
FeO 3.48 4.92 4.72 4.74 4.35 3.88 3.42 3.58 3.77 4.56 4.27 3.68
MnO 0.08 0.11 0.10 0.10 0.10 0.09 0.08 0.08 0.09 0.10 0.09 0.09
MgO 1.5 2.5 2.4 2.4 2.0 1.8 1.4 1.6 1.6 2.3 1.9 1.6
CaO 4.46 5.73 5.67 5.66 5.20 4.79 4.15 4.57 4.48 5.31 4.80 4.36
Na2O 4.4 4.2 4.2 4.1 4.2 4.3 4.2 4.3 4.3 4.3 4.3 4.4
K2O 1.99 1.60 1.62 1.70 1.72 1.92 2.14 1.97 1.98 1.69 1.85 1.83
P2O5 0.19 0.19 0.19 0.19 0.19 0.18 0.18 0.17 0.18 0.19 0.19 0.18
Total 100.0 100.0 100.0 100.0 99.5 100.0 100.0 100.0 100.0 100.0 100.0 99.6
Rb 47 35 37 n.a. 43 46 49 46 47 38 42 44
Sr 606 587 585 n.a. 564 581 582 608 588 586 580 594
Y 12 15 15 n.a. 16 13 13 13 14 13 13 15
Zr 155 143 147 n.a. 147 149 152 146 153 144 148 147
Nb 15 15 15 14 19 15 15 15 16 15 15 16
Ba 1175 947 950 1043 972 1112 1242 1108 1140 1013 1107 1118
La <8 <8 7 <8 11 <8 6 <8 8 8 <8 9
Cu 11 12 17 n.a. 11 11 9 12 11 17 21 12
Ni <8 17 21 n.a. 13 12 <8 9 <8 19 17 14
Zn 59 72 76 n.a. 67 64 61 62 66 71 73 63
Cr 40 105 102 113 87 59 37 50 46 81 60 46
V 44 83 77 78 66 52 43 46 49 73 65 49
Sample # 038-DL 155-DL 019L-DL 019P-DL 117-DL 070-DL 112-DL 065-DL 061-DL 082-DL 088-DL 060-DL
Site 4 75 31 31 1 1 1 1 4 4 31 4
Type plin Pf baflith baf pum Pf Pf Pf Pf plin plin Pf plin
Unit CB3Z2.3 CB3 basal CB4 CB4 CB4 II. 1 CB4 II.2CB4Ibod CB4I IP CB4/1 CB4/2 CB4 CB4/3
Batch 1 2 2 1 2 2 2 1 2 2 1 1
SiO2 66.5 64.7 61.6 65.4 63.8 66.8 66.4 65.6 64.5 66.2 68.6 68.4
TiO2 0.52 0.60 0.65 0.59 0.65 0.51 0.55 0.55 0.59 0.52 0.41 0.42
A12O3 16.4 16.4 18.0 15.4 16.6 16.0 16.1 16.0 16.6 16.7 15.8 16.0
FeO 3.71 4.36 4.54 4.18 4.99 4.01 4.05 4.31 4.70 3.86 3.10 3.25
MnO 0.09 0.10 0.10 0.10 0.11 0.09 0.09 0.10 0.11 0.09 0.08 0.08
MgO 1.6 2.1 2.4 2.4 2.2 1.7 1.8 1.9 2.1 1.7 1.4 1.2
CaO 4.43 5.42 6.62 5.15 5.60 4.64 4.70 4.94 5.33 4.53 3.93 3.78
Na2O 4.6 4.4 4.4 4.0 4.0 4.1 4.2 4.1 4.1 4.3 3.9 4.3
K2O 1.82 1.68 1.46 1.78 1.79 2.03 1.96 1.88 1.83 1.92 2.34 2.15
P2O5 0.19 0.20 0.19 0.21 0.21 0.19 0.18 0.21 0.21 0.22 0.17 0.17
Total 99.8 100.0 100.0 99.2 100.0 100.0 100.0 99.6 100.0 100.0 99.7 99.8
Rb 43 37 36 42 40 47 48 42 41 44 53 50
Sr 603 602 610 563 532 575 554 575 575 561 606 573
Y 15 14 14 17 14 14 13 18 15 14 16 15
Zr 155 146 143 147 151 154 147 150 146 150 149 153
Nb 16 16 15 17 15 15 16 15 15 15 13 17
Ba 1122 1003 871 980 989 1158 1119 1046 1016 1064 1247 1248
La 11 8 <8 17 11 13 <8 8 8 9 16 8
Cu 12 20 21 20 20 13 11 12 17 12 10 12
Ni 9 18 14 20 19 13 15 17 20 10 11 9
Zn 67 67 63 63 71 67 68 67 71 67 56 59
Cr 41 90 108 96 80 54 57 57 77 57 35 31
V 53 67 69 70 86 57 59 68 73 53 33 36
Sample # 156-DL 068-DL 015-DL 002L-DL 002P-DL 005L-DL 005P-DL 108-DL 069-DL 087-DL 091-DL 074-DL
Site 75 31 31 32 32 55 55 3 3 3 56 4
Type plin baf pum baflith baflith baf pum baflith baf pum Pf Pf Pf Pf plin
Unit CB4/4 CB5 CB5 CBS CB5 CB5 CB5 CB5.1 CB5.2 CB5.3 CB5.3 CB5/1
Batch 2 1 2 2 2 2 2 2 1 1 1 1
SiO2 65.3 65.0 64.1 62.3 63.9 61.0 64.2 64.4 67.8 68.2 66.5 66.2
TiO2 0.59 0.58 0.57 0.65 0.53 0.87 0.76 0.63 0.47 0.45 0.51 0.64
A12O3 16.3 16.1 17.0 17.8 18.2 17.7 16.3 16.9 16.0 16.0 16.2 16.6
FeO 4.46 4.56 4.25 4.60 3.72 4.90 4.68 4.45 3.41 3.38 3.76 3.46
MnO 0.10 0.11 0.10 0.11 0.09 0.10 0.10 0.10 0.08 0.08 0.09 0.09
MgO 1.9 2.2 2.1 2.4 2.3 2.5 2.2 2.1 1.5 1.5 1.7 1.7
CaO 4.95 4.93 5.68 6.15 5.23 6.43 5.37 5.28 4.07 3.93 4.55 4.61
Na2O 4.3 3.9 4.3 4.3 4.2 4.6 4.2 4.1 4.2 3.9 4.3 4.3
K2O 1.86 1.89 1.74 1.51 1.59 1.54 1.89 1.84 2.04 1.97 1.87 1.95
P2O5 0.20 0.21 0.22 0.23 0.22 0.28 0.27 0.22 0.18 0.17 0.19 0.17
Total 100.0 99.5 100.0 100.0 100.0 100.0 100.0 100.0 99.7 99.7 99.7 99.8
Rb 44 47 43 35 33 35 39 43 48 49 43 44
Sr 564 551 575 606 686 658 619 588 554 551 607 641
Y 13 17 13 14 15 16 16 14 17 15 16 16
Zr 149 152 147 141 148 175 169 152 150 149 148 162
Nb 16 17 15 15 16 15 16 16 18 15 14 15
Ba 1100 1019 983 978 1089 880 1040 1064 1138 1134 1109 1146
La 7 17 <8 9 <8 23 21 13 11 8 12 14
Cu 16 25 15 18 18 17 20 17 17 15 8 14
Ni 14 21 19 22 12 12 13 16 13 12 9 16
Zn 70 72 62 69 70 77 74 67 62 65 64 65
Cr 64 86 119 103 41 59 59 87 52 55 35 62














































































































































































































































































































































































Sample # 161-DL 162-DL 077-DL 163-DL 086-DL 164-DL 165-DL 009-DL 022-DL 004-DL
Site 76 76 4 4 4 4 4 33 62 49
Type plin plin plin plin plin plin plin indbaf lith lava lava
Unit CB7/6.1 CB7/6.2 CB9/2.1 CB9/2.2 CB9/3 CB9/4 CB9/6 La Plata west side pre-cald
Batch 2 2 1 2 1 2 2 2 1 2
SiO2 65.2 61.6 66.8 64.4 67.8 65.2 64.6 64.0 64.0 63.9
TiO2 0.55 0.74 0.52 0.64 0.43 0.58 0.64 0.60 0.54 0.59
A12O3 17.3 18.4 16.4 16.9 16.3 16.8 17.0 17.0 17.4 16.6
FeO 4.04 5.25 3.85 4.57 3.35 4.20 4.15 4.25 3.70 4.90
MnO 0.09 0.10 0.09 0.10 0.09 0.09 0.10 0.09 0.09 0.10
MgO 1.7 2.7 1.6 2.3 1.5 2.0 2.3 2.1 2.2 2.3
CaO 4.93 5.89 4.32 5.05 4.06 4.91 5.21 5.63 5.18 5.88
Na2O 4.2 3.8 4.0 4.0 4.1 4.1 4.1 4.5 4.9 3.9
K2O 1.75 1.37 2.00 1.83 2.01 1.83 1.73 1.69 1.68 1.54
P2O5 0.20 0.22 0.23 0.23 0.19 0.22 0.21 0.22 0.23 0.20
Total 100.0 100.0 99.8 100.0 99.8 100.0 100.0 100.0 99.9 100.0
Rb 37 29 47 42 48 41 39 40 46 30
Sr 661 650 590 570 591 599 604 587 618 574
Y 14 15 17 14 14 13 15 15 17 19
Zr 158 151 155 149 150 147 152 150 160 133
Nb 15 15 15 14 15 15 15 15 14 15
Ba 1001 818 1154 1055 1228 1055 1037 975 1068 948
La <8 9 10 14 9 <8 9 12 15 12
Cu 17 19 11 15 9 14 15 21 11 40
Ni <8 11 10 13 9 12 11 28 9 15
Zn 73 79 66 72 61 68 68 61 62 62
Cr 26 31 36 54 44 65 49 119 39 119
V 57 92 57 77 37 62 65 66 51 80|
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